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Abstract 
This study examines the heat transfer and pressure drop perfonnance of R22 and R502 
alternatives, most of which are mixtures of two or three refrigerants, while condensing in an 
enhanced tube and while expanding in a capillary tube. The condensation study includes data for 
four mass fluxes ranging from 111.6 klbm/ft2-hr to 595.7 klbm/ft2-hr (151.7 kg/m2-s to 809.0 
kg/m2-s), heat fluxes from 700 Btu/ft2-hr to 16,000 Btu/ft2-hr, and oil concentrations of 0%, 1 %, 
and 3%. A total of 1080 unique data sets were obtained, each of which contains nine local data 
points. The capillary tube study examined the mass flow rate of refrigerants while expanding, with 
an emphasis on the nature of the metastable region for both single component refrigerants and 
mixtures. 
We found that the pressure drop of the helically enhanced tube is best predicted by using a 
friction factor set equal to a constant multiplied by the friction factor of a smooth tube, not a 
constant roughness. Also, the addition of oil has a pressure lowering effect for low qualities, 
where most of the flow is liquid, and a pressure raising effect at high qualities, where most of the 
flow is vapor in contact with a liquid oil film. 
When adjusting the two-phase pressure-temperature relationship for the presence of oil, it 
was noticed that for each mixture there was a consistent deviation between the expected condensing 
temperature and the measured value. This discrepancy results from errors in the model used to 
predict the two-phase properties of the blends, and has been accounted for in the reduction of the 
data. We found that oil has a significant effect on heat transfer coefficients at qualities above about 
0.7, but very little effect at lower qualities. Also, the perfonnance of mixtures increases more 
rapidly than that of a single component refrigerant as the mass flux is increased. 
The metastable region of a capillary tube was found to be much more predictable than 
previously thought. A new and revealing data taking technique, which takes the history of the 
system into account, allowed for the discovery of a hysteresis effect in the mass flow rate as the 
level of inlet subcooling is increased and decreased. This finding may have a profound impact on 
the future of capillary tube data acquisition and modeling. 
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Chapter 1 
Introduction 
This work focuses on defining performance characteristics for alternative 
refrigerants designed to replace R-22 and R-502. Two processes in particular will be 
examined: i) expansion through a capillary tube and ii) condensation heat transfer in 
enhanced tubing. Most of the alternative refrigerants being tested are mixtures of two or 
more components. Of these blends, some are zeotropes with temperature glides up to 
9.2 OF at 125 oF. It is still unclear whether or not zeotropes will lead to improved cycle 
efficiency. 
For many years the chlorofluorocarbon (CFC) R-12 has been the refrigerant of 
choice for automotive and household refrigeration. The hyrdochlorofluorocarbons 
(RCFC) R-22 and R-502 have been the workhorses for larger applications. Due to 
environmental concerns, CFC's are being phased out over the next few years. Although 
RCFC's have considerably lower ozone depletion potentials (ODP), they are being phased 
out as well. Although the impetus for the phase-out is ozone depletion, future generations 
of refrigerants must also meet standards for greenhouse warming, flammability, and 
toxicity. Many uncertainties still surround the specific environmental and safety criteria that 
future refrigerants may have to meet. R-134a, for example, which is currently replacing R-
12 in many applications, may (someday) be deemed to have an unacceptably high 
greenhouse warming potential (GWP). The ODP's and GWP's of the refrigerants 
concerned are shown in Figure 1.1. 
The goals of this research can be divided into three parts: i) data acquisition, 
ii) gaining insights into the behavior of refrigerant mixtures, and iii) investigating new heat 
exchanger technologies. Due to the wide-spread use of the chemicals being phased out, 
every effort must be made to maximize the efficiency of the new refrigerants and the 
systems designed for them. Performance data are needed to make wise decisions when 
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Figure 1) The ozone delpetion potential and the global wanning potential of various refrigerants. 
both choosing the thermodynamically best alternative and designing system components 
that will use it. In order to take full advantage of the characteristics of future refrigerants, a 
better understanding of the phenomenology of multiphase flow and heat transfer is needed. 
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Chapter 2 
Condensation Literature Review 
Most of the current condensation data presented in the literature were obtained for 
chlorofluorocarbons (CFC's) and hydrochlorofluorocarbons (HCFC's) flowing through 
smooth tubes. Very few data, and even fewer correlations, exist for chlorine-free 
refrigerant mixtures condensing in an enhanced tube. Although the "classic" smooth-tube 
condensation studies are reviewed, this chapter focuses on the more recent works that have 
investigated the condensation of refrigerant mixtures in enhanced tubes. 
2.1 Introduction 
The primary difficulty associated with determining a heat transfer coefficient is 
obtaining accurate measurements of the important parameters. The usual approach is to set 
the heat transfer coefficient equal to the total power transferred divided the product of the 
area available for heat transfer and the temperature difference between the fluid and the 
wall. For most studies, however, the refrigerant temperature is never measured in the test 
section, but rather an equilibrium temperature is assumed from a measured (or, more often 
inferred) pressure. 
Also of concern is the interpretation of the raw data. To estimate the pressure along 
the test section, for example, usually only the inlet and outlet pressures are measured, and a 
linear profile is assumed. By knowing the pressure and that two phases exist, an 
equilibrium temperature is inferred. But are the two phases in equilibrium? At higher mass 
fluxes, for example, a hot vapor core moves through the test section at a high velocity 
while a cooler liquid wets the wall. In this case, what refrigerant temperature is used in the 
heat transfer equation? The problem may be magnified for zeotropes, where further 
deviations from equilibrium may exist. 
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2.2 Flow Regimes 
The flow regimes associated with smooth-tube condensation have been studied 
extensively. At the condenser inlet, where superheated vapor is present, sensible cooling 
takes place. Condensation begins on the wall immediately after the local wall temperature 
drops below the saturation value. Thus, condensation may commence even though the 
bulk vapor temperature is above the saturation value. Several general flow regimes have 
been observed during the condensation process. For high qualities and high vapor 
velocities a thin annular liquid film will coat the wall. As condensation proceeds the fllm 
becomes thicker, and waves may form on the surface. If the vapor velocity remains high 
enough, the crests of these waves can be torn off resulting in annular-mist flow. As more 
fluid becomes liquid, the vapor velocity decreases and the liquid tends to pool on the 
bottom portion of the tube, resulting in a stratified flow. If the vapor velocity remains high 
enough, waves can be produced on the surface. As the waves grow larger, they may block 
the entire tube creating a slug flow condition. At very low qualities, the vapor forms 
bubbles which are carried along at the liquid velocity. The condensation process is 
completed as the liquid is subcooled. 
Flow regimes can be separated into two general categories: stratified/slug and 
annular. In stratified/slug flows, which are characterized by liquid pooling in the bottom 
portion of the tube, resulting in a non uniform distribution of refrigerant, the heat transfer 
mechanism is characterized by conduction through a liquid fllm at the top of the tube. As 
vapor is condensed, gravity pulls liquid down the wall and into the pool of liquid on the 
bottom of the tube. This is usually referred to as fllm condensation, and was first modeled 
by Nusselt (1916). Many fllm condensation models used today are based on the original 
work of Nusselt. Annular flows,< which are characterized by axisymmetric flow and heat 
transfer rates, occur when the interfacial shear stresses that pull the fllm in the direction of 
flow are much larger than the gravitational forces which tend to pull the liquid to the bottom 
of the tube. The heat transfer characteristics are very different for stratified and annular 
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flows, and hence the models used to predict the heat transfer of two phase flows must 
account for flow regime. 
The above cases are for liquid flowing through a smooth tube. Although the same 
qualities will be present in an enhanced tube, the flow regimes encountered, and especially 
the transition points, may be different. 
2.3 Smooth-tube Heat Transfer Correlations 
As mentioned, the development of smooth-tube condensation heat transfer 
correlations is discussed, but the focus of this chapter is the relatively recent research 
concerning condensation of refrigerant mixtures, with and without oil, in enhanced tubes. 
2.3.1 Stratified/Slug Flows 
Flow is considered to be stratified or slug when the gravitational force pulling the 
liquid film to the bottom of the tube is significantly greater than the shear force pulling the 
film in the direction of the flow. When this is the case, most of the liquid inventory pools 
on the bottom of the tube, resulting in stratified, wavy, or slug flow. This type of 
condensation, referred to as film condensation, was the first mode of condensation to be 
modeled. Nusselt's (1916) analysis of external condensation on a flat plate has since been 
modified to model internal condensation. 
Because film condensation is very similar to external condensation, Chato (1962) 
used a Nusselt type correlation to correlate his stratified flow condensation data. He 
assumed negligible heat transfer through the liquid pool and a constant liquid level. The 
resulting correlation is: 
- [ h' D3]1/4 Nu = hD = 0.555 Plg(P1 - Py) fg 
kl IllkiTsat - Twall ) 
(2.1) 
Where h~g is a modified latent heat of vaporization term of the form 
(2.2) 
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and the 0.555 coefficient is less than the value used for either external flat plate 
condensation or external tube condensation due to the negligible heat transfer in the 
submerged portion of the tube. 
2.3.2 Annular Flow Heat Transfer Correlations 
Annular flow is characterized by a high speed vapor core that supports a nearly 
symmetric liquid fIlm. The annular flow heat transfer correlations can be broken down into 
three main categories: i) shear-based analysis, ii) boundary-layer analysis, and iii) two-
phase multiplier analysis. The theory behind each approach is discussed as is a 
representative model. 
Carpenter and Colburn (1951) were among the first to make lasting improvements 
to the Nusselt equation. They theorized that the condensate becomes turbulent at a lower 
than expected Reynolds number, with the significant thermal resistance taking place in the 
laminar sublayer. The thickness of the sublayer is calculated from general one component 
pipe flow equations. They also include effects of friction, momentum, and gravity effects 
in the friction factor. Soliman, et al. (1968) built on the work of Carpenter and Colburn by 
developing improved ways to estimate the friction factor components. They made use of 
the (then) recently published Lockhart-Martinelli parameter to estimate the friction between 
the vapor core and the liquid film. The Soliman correlation is 
where 
( Jo.s Nu = 0.036ReioPr~·6s :: _2(,--0._04..."...,6,.;-)X_2 tl. 2 B ~ (Pri Jn/3 02 'l'y + 0 ~an ' Rey' n=l Pry 
a1 =x(2-f3)-I, 
a2 =2(I-x), 
a3 = 2(13 -1)(x -I), 
a = 1/ -3+2x 
4 /x ' 
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(2.3) 
(2.4) 
(2.5) 
(2.6) 
(2.7) 
(2.8) 
and f3 interface velocity 1 25 ~ b I I' 'd = =. Lor tur u ent lqUl • 
mean film velocity 
(2.9) 
This correlation was compared to condensation data for steam, R-I13, R-22, ethanol, 
methanol, toluene, and tricloroethylene. Although the data deviated widely from the 
correlation, the trends predicted by the correlation appear to be correct. 
Of the models being reviewed, the boundary-layer approach to annular flow 
condensation is the most theoretical. These models stem from solutions of the continuity, 
momentum, and energy equations. The work of Traviss, et a!. (1973) is discussed as a 
representative example. Traviss considers the condensate film on the tube wall to behave 
as if it were the outer edge of single phase liquid pipe flow, as does Carpenter and 
Colburn. Traviss, et a!., however, claims that the main resistance to heat transfer is due to 
conduction through the entire film, not just the laminar sublayer. The von Karman 
universal velocity profile is used to model the liquid film, where the von Karman 
momentum-heat transfer analogy is utilized. Among the simplifying assumptions made by 
Traviss, et al. are: 
i) The main resistance to heat transfer is due to conduction through 
the condensate fIlm. 
ii) The von Kannan universal velocity profile is valid for the thin 
liquid film in a two-phase flow. 
iii) No liquid is entrained in the vapor core. 
iv) The temperatures are the same in the vapor core and at the liquid-
vapor interface. 
v) The annular fIlm is axisymmetric. 
The resulting correlation is based on the solutions to the turbulent flow equations 
and the use of the von Kannan universal velocity distribution. The correlation is 
(2.10) 
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where 
F(Xu ) == 0.15[X~1 + 2.85X~·476]. (2.11) 
Because of the nature of the universal velocity profile, F2 is a piecewise function of 
Reynolds number as follows: 
F2 = 0.707Prl Re;' (2.12) 
50 < Ret < 1125 F2 = 5Prl + 51n[ 1 + Prl(0.09636Re~·5g5-1)] (2.13) 
Ret> 1125 F2 = 5Prl + 51n(1 + 5 PrJ + 2.5In(0.00313Re~·g12) (2.14) 
Their experimental condensation data, taken for R-12 and R-22, show good 
agreement with the above equations. However, the data show improved agreement at 
higher values of F(Xu ) (F(Xtt ».155) if the exponent of F(Xtt ) is changed from 1.0 to 
1.15. Traviss cited liquid entrainment during these conditions as the reason for the 
discrepancy. Shah (1981) found the correlation to over predict other experimental data at 
qualities higher than 0.5. 
The third general modeling technique to be discussed, two-phase multiplier 
correlations, is perhaps the simplest approach. A correlation by Shah (1979) is among the 
most popUlar. He used the Dittus-Boelter (Incopera and Dewitt, 1992) equation to find a 
value representative of the heat transfer coefficient if all of the mass was flowing as a 
liquid. This value is then multiplied by a term which represents the enhancement due to the 
presence of a vapor phase. To determine the liquid heat transfer coefficient, the Dittus-
Boelter correlation, shown in Equation 2.15, is used. 
Nu =0.023Re~·g Pr~.4 (2.15) 
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The N usselt number then requires modification by an appropriate function of system 
parameters to account for the presence of the vapor phase. Shah defined his two phase 
multiplier as 
(2.16) 
where 
h = h (1- X)O.8 
o i ' (2.17) 
and hi is obtained from Equation 2.15. The final form of the correlation was determined 
by using empirical curve fits. The data used for the curve fits came from a variety of 
authors for the condensation R-ll, R-12, R-I13, water, methanol, ethanol, and benzene 
for 104 < Rei <69,000. The resulting correlation is 
(2.18) 
where P xd is the reduced pressure. The term outside the brackets is the Dittus-Boelter 
relationship assuming all of the mass is flowing as a liquid, and the bracketed term is the 
two-phase multiplier. Although a wide range of data was used to formulate the correlation, 
Shah recommends its use for Rei> 3000. Even though this was entirely empirical, the 
results are better than most more sophisticated efforts. In his 1981 paper, Shah claims his 
correlation is still "the most verified predictive technique presently available ... " 
A more recent two-phase multiplier approach, presented by Dobson, et al. (1994), 
seems to be a better predictor of experimental condensation heat transfer data than the other 
correlations from the literature. He also starts with the Dittus-Boelter correlation and 
modifies it for the presence of vapor. The form of the correlation was chosen to be 
Nu = 0.023Re~·8 Pr~.4[1 +~] . 
Xtt 
(2.19) 
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Values for a and n were then detennined by regression analysis. The resulting correlation 
is 
008 0.4[ 2.22 ] Nu = O. 023 Rei Pri 1 + 0:889 . 
Xu 
(2.20) 
Equation 2.20 correlates Dobson's data with a mean deviation of 4.5%. More than 67% of 
his data fell within 5% and 96% fell within 15% of the predicted values. 
2.4 Condensation of Refrigerant.Oil Mixtures in Smooth Tubes 
Tichy, et al. (1985) were among the first to develop a correlation for in-tube 
condensation of refrigerant-oil mixtures. They obtained data for pure R-12 and R-12 
mixed with a naphthenic based (300 SUS) oil condensing in a 0.377-in. ill brass tube. 
The pure refrigerant data is best fit by the correlation developed by Shah (1979). They 
modified the correlation to account for the presence of oil. The modified correlation is 
Nu = 0.023Reo08 Pr004[(1_ X)008 + 3.8xo076 (1_ X)Oo04] 
i i p0038 
rd 
(2.21) 
• 0 
where Reir is a reference liquid Reynolds number, equal to 3650. The upper tenns are the 
Shah (1979) correlation for smooth tubes (Equation 2.18). The tenn in the lower brackets 
is an adjustment introduced by Tichey, et al., to better correlate pure R-12 data. The 
exponential term is a modification to the pure refrigerant correlation that compensates for 
the presence of oil. 
Based on 700 data points for oil concentrations of 0%, 2% and 5%, the modified-
Shah correlation of Tichy, et al. predicts 82% of their data to within 20%. The correlation 
tends to over predict the data at low mass fluxes and under predicts the data at high mass 
fluxes. Tichy argued that the systematic deviation was due to the use of a single correlation 
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across many flow regimes. Tichy concluded that, unlike evaporation, the presence of oil 
will always decrease the condensation heat transfer coefficient. 
Schlager, et al. (1988) investigated the condensation of R-22 mixed with a 
naphthenic mineral oil. They found results similar to those of Tichy, et al. (1985), with 
heat transfer coefficients being reduced by 8% and 14% at 2.5% and 4.9% oil, 
respectively. Based on the exponential in Equation 2.21, Tichy's correlation predicts 
reductions in heat transfer coefficients of 12% and 22% at 2.5% and 4.9% oil 
concentrations, respectively. Considering that different refrigerants and slightly different 
oils were tested, these differences in heat transfer degradation are not surprising. Schlager, 
et al. did not present a correlation for condensation heat transfer. 
Schlager, et al. (1990) modified existing smooth-tube, pure-refrigerant correlations 
to fit their own data, which included two different oils, and obtained fairly accurate 
predictions of heat transfer coefficients for refrigerant-oil mixtures. They started with the 
correlations of Shah (1979), Traviss, et al. (1972), and Cavallini and Zecchin (1974). 
Mixture properties were then substituted into the equations to predict mixture 
performances. They assumed a constant oil concentration in the condenser, and set the 
value equal to 1.6 times the circulating concentration. Agreement between the correlations 
and data for two different oils is better than ±1O%. If the liquid density, specific heat, and 
thermal conductivity are all assumed to be unchanged by the addition of oil, the 
modifications to the correlations of Cavallini and Zecchin and of Shah can be reduced to a 
function of viscosity. The "enhancement" factor (ratio of the heat transfer coefficient with 
oil to without oil) resulting from the Shah correlation is 
[ ]
0.47 
EF. = J..Lir 
sIs ' J..Llm 
(2.22) 
where the subscripts ir and imrefer to the liquid refrigerant and liquid mixture properties, 
respectively. The drawback of the above prediction technique is that it requires the 
determination of mixture properties. 
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Schlager. et al. (1990) also developed a statistical correlation based on the work of 
Tichy. et al. (1985) that does not require mixture properties. The only change to Tichy's 
equation is an adjustment in the value of the coefficient in the exponent. The chosen 
enhancement factor is 
EF, = e-3.2",. 
s /s 
(2.23) 
They report the effect of oil on heat transfer is predicted to within of 10% by this 
enhancement factor. 
Further work investigating the condensation performance of refrigerant-oil mixtures 
was published by Sur and Azer (1991). They studied R -113 condensing both pure and 
with 1.2%. 2.8%. and 4.0% naphthenic mineral oil mixtures. Again. results similar to 
those of Tichy and Schlager. et al. were found. Sur reports reductions in heat transfer due 
to the presence of oil to be 7.1 %, 10.5% and 16.2% at oil concentrations of 1.2%. 2.8% 
and 4.0%. These reductions. along with those found by Tichy and Schlager. are 
compared in Table 2.1. Sur and Azer did not present a correlation for their data. 
Table 2.1 Comparison of smooth-tube refrigerant-oil condensation heat 
transfer predictions 
Refrigerant Oil 
Tichy. et al. naphthenic 
1985 R-12 300 SUS 
Schlager, et al. naphthenic 
1990 R-22 150 SUS 
Sur and Azer naphthenic 
1991 R-I13 150 SUS 
1 Percent reduction obtained from equation 2.21 
2 Percent reduction obtained from equation 2.23 
3 Percent reduction obtained from author 
Percent reduction (EFs'/s) 
Mass Flux 
Ibmlhr-ft2 1.2% oil 2.8% oil 4.0% oil 
7xl04 -
7x105 5.8%1 13.1%1 18.1%1 
9.2xl04 -
2.9x105 3.8%2 8.6%2 12.0%2 
2.9xl04 -
5.6xl04 7%3 12%3 16%3 
Because Tichy, Schlager, and Sur obtained data for different refrigerant-oil 
mixtures, it is not surprising that there is some variability in the reported degradations in 
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heat transfer. The apparent discrepancies in Table 2.1 may be due to different oil 
solubilities, a systematic error in the data acquisition and/or analysis, or differences in the 
refrigerant-oil mixing characteristics. Although the percentage reduction in heat transfer at 
a given oil concentration differs among the investigators, the overall trends are very similar. 
Fukushima and Kudou (1990) measured local heat transfer coefficients for R-134a 
mixed with polyalkylene glycol (PAG) oil. Their results show that at high qualities the 
adverse affect on the heat transfer coefficient is much greater than at lower qualities. At a 
quality of 0.1, for example, there was no discernible difference in heat transfer coefficient 
for 0%, 1%, and 3% oil concentrations. For the same concentrations at a quality of 0.9, 
the difference in heat transfer coefficient between 0% and 3% oil concentration is about 
20%. This quality dependence is attributed to the additional resistance of an oil film on the 
wall at high qualities. At low qualities, most of the resistance to heat transfer is from a 
relatively thick liquid film, where the effect of oil is reduced. No correlations or 
comparisons with other data are mentioned. 
Heat transfer coefficients for R-134a mixed with 169 SUS and 369 SUS ester-
based lubricants were investigated by Eckels, et al. (1994). They determined that the 
primary variables affecting heat transfer coefficient in a smooth tube are the mass flux and 
the oil concentration. They developed a seven-term polynomial to describe the changes in 
EFs'/s as a function of oil concentration and mass flux. Agreement between predicted and 
experimental values is quite good, as should be expected from such a high-order 
polynomial. 
2.5 Condensation in Microfinned Tubes 
Early work investigating in-tube heat transfer enhancements focused on two 
augmentations: i) a twisted tape insert and ii) internally finned tubes. Vrable, et al. (1974) 
published one of the first reports on the performance of internally finned tubes. 
Condensing R-12 in a 0.5 in. tube, they reported a 20% increase in heat transfer 
coefficient. The tube used by Vrable had 10 straight fins, each of which was 
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approximately 0.11 in. high. To model the heat transfer, they modified a correlation from 
Cavallini (1971) by adding a reduced pressure term and replacing the nominal diameter 
with the hydraulic diameter when calculating the Nusselt and Reynolds numbers. The 
smooth-tube correlation from Cavallini is 
Nu = 0.05Re~8 Pr~·33, (2.24) 
where 
Re = Re (Ilv J(Pv JO.5 + Re . 
eq v III Pl l (2.25) 
The modified correlation suggested by suggested by Vrable, et al. is 
(2.26) 
When reducing data with Equation 2.26, the hydraulic diameter is used as the characteristic 
length in the Nusselt and Reynolds numbers and the nominal diameter is used to calculate 
the mass flux. The correlation predicts Vrable's results to within 30%. 
Royal and Bergles (1978) investigated the enhancements offered by twisted-tape 
inserts and internally finned tubes. Using steam as the condensing fluid, they calculated a 
30% increase in heat transfer coefficient with the inserts and a 120% increase in heat 
transfer coefficient with internally finned tubes. They also correlated the enhancement 
offered by the fins. Starting with the correlation of Akers, et al. (1959), they added a 
multiplicative term based on a dimensionless combination of geometric parameters. The 
modified equation is 
h = O. 0265 !L GeDe Pr/·33 160 ~ + 1 , ( JO.8 [( 2 J1.91 ] 
De Ilh pDe 
(2.27) 
where 
(2.28) 
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b is the fm height, the "e" subscript refers to values based on equivalent diameters, and pis 
the average of the interfin distance at the base and at the tip of the fins. This equation 
predicts Royal's data to within 30% and has similar success predicting Vrable's results. 
Luu and Bergles (1980), working with R-l13 condensing in 5/8-in. and l/2-in. 
tubes, found that twisted-tape inserts increase heat transfer coefficients by about 30%, but 
increase the pressure drop by up to 250%. However, they found that internal fins increase 
the average heat transfer coefficient by up to 120% with only a moderate increase in 
pressure drop. To correlate the enhanced heat transfer, they modified a smooth-tube heat 
transfer correlation from Boyko and Kruzhilim (1967). The enhanced correlation is 
h = 0.024!L ODe Pr~.43 (p I Pm)in + (p I Pm)out ~ , [ ]0.8 [ 0.5 0.5][ 2 ]-0.22 
De f.ll 2 pD 
(2.29) 
where 
(pI Pm)= l+x[(pl I Pv)-l]. (2.30) 
The only modification made by Luu and Bergles was the addition of the last term. 
Equation 2.29 predicts 90% of their data to within 30%. The conclusion reached is that 
internally finned tubes perform better than twisted-tape inserts when considering both heat 
transfer improvements and pressure drop penalties. 
Said and Azer (1981), with R-l13 as the working fluid, also investigated heat 
transfer enhancements offered by internally finned tubes. Four finned tubes, with helix 
angles of 0° (straight fins), 9.71°, 12.34°, and 19.36° were tested. Due to differences in the 
tube diameters, number of fins, fin height, and wall thicknesses, all four tubes had 
different equivalent and hydraulic diameters; Even though this was the case, Said, et al. 
were able to collapse all of the data with a single correlation. As a starting point for their 
correlation, they modified the smooth-tube correlation of Akers, et al. (1959). The final 
form of the correlation, which fit nearly all of their data to within ±30%, is 
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(2.31) 
where 
(2.32) 
F _ [1-(4nbt)/(1rD~cos(a»)] 
1 - [1-2b/DiY , (2.33) 
F _ 1rDi 
2 - [1rDi +2nb/cos(a)], (2.34) 
and 
F3 = sec(a). (2.35) 
F} represents the area ratio of the actual free flow area to the open core free flow area, F2 is 
the ratio of nominal heat transfer area of a smooth tube to the actual heat transfer area, and 
F3 is the secant of the fm helix angle. 
Using the same experimental facility as Said and Azer, Venkatesh and Azer (1985) 
studied condensation of R-ll in internally finned tubes. Of the existing correlations for 
enhanced tubes, they found that Equation 2.29, from Luu and Bergles, predicts their data 
the best. 
Schlager, et al. (1988) present one of the first studies of the effects of oil on the 
performance of microfmned tubes. They define four enhancement factors which have since 
become a standard way of reporting heat transfer results. They are: 
i) Smooth tube oil-enhancement (EFs'/s) is the ratio of the smooth-tube 
heat transfer coefficient with oil added to the heat transfer coefficient of 
the smooth tube with pure refrigerant. 
ii) Micro-fin tube oil enhancement factor (EFa'/a> is the ratio ofmicro-fm 
heat transfer coefficient with oil added to the micro-fm heat transfer 
coefficient with pure refrigerant. 
iii) Micro-fin tube enhancement factor for pure refrigerants (EFa/s) is the 
ratio of the heat transfer coefficient of the micro-fin tube to the heat 
transfer coefficient of the smooth tube with pure refrigerant. 
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iv) Micro-fin tube enhancement factor for refrigerant-oil mixture (EFa'/s') is 
the ratio of the heat transfer coefficient of the micro-fin tube to the heat 
transfer coefficient of the smooth tube, at the same oil concentration. 
In the above definitions, the "s" and "a" subscripts refer to smooth and finned (augmented) 
tubes, respectively, and the prime (') indicates a condition with oil. Using R-22 and a 
naphthenic mineral oil at concentrations of 0% to 5%, they found that the addition of oil 
decreases the heat transfer coefficient in an enhanced tube in the same fashion as it does in a 
smooth tube. In other words, the enhancement factor EFa,/s' is not a function of oil 
concentration. Because of this, they recommend using equations developed for the 
smooth-tube oil enhancement factor presented in Equations 2.22 and 2.23. For either case 
(EFa'/s' or EFa/s), the value of the enhancement factor was found to be about 2.4 for a mass 
flux of 27 Ibmlft2-s and decreased to about 1.9 for a mass flux of 86 Ibm/ft2-s. 
Using an R-113/naphthenic oil mix as the test fluid, Sur and Azer (1991) also 
found that the percentage reduction in heat transfer coefficient due to the presence of oil is 
roughly the same for smooth and finned tubes. 
Eckels and Pate (1991) investigated condensation in a micro-finned tube for the 
mixtures ofR-134a/PAG oil and R-12/naphthenic oil. The oil concentrations ranged from 
0% to 5.4% in both cases. They found the addition of a PAG oil to R-134a had no 
significant effect on the heat transfer coefficient. For R-12/naphthenic oil, however, the 
heat transfer coefficient decreased with increasing oil concentration. No mention was made 
of enhancement factors or correlations. The claim that the presence of oil, for the case of 
R-134a/PAG, does not reduce the heat transfer coefficient is very interesting and 
unexpected. At 1.2% oil concentration, they even claim a slight increase in heat transfer 
coefficient. 
2.6 Condensation of Refrigerant Mixtures 
Relatively few studies of refrigerant mixtures are present in the literature. One of 
the earliest works, by Bokhanovskiy (1980), examined the condensation performance of 
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mixtures of R-12 and R-22. He observed, for the pure refrigerants, four different regions 
of the heat transfer coefficient versus heat flux curve. The first of these, at the lowest heat 
flux, corresponds to laminar condensate film flow with the vapor velocity having little 
effect on heat transfer. In this region, the heat transfer coefficient is inversely proportional 
to the heat flux, as predicted by Nusselt (for R-12, hoc q-o.43,and for R-22, hoc q-o.26). In 
the second region, the heat transfer coefficient remains constant as the heat flux increases. 
This result is believed to be the result of a balance between the increasing resistance of the 
thinking ftlm and the decreased resistance due to the generation and growth of waves. The 
third region is a transition region. The fourth region, for the highest heat fluxes, represents 
turbulent condensate film flow. In this region the heat transfer coefficient is proportional to 
the heat flux (For R-12, hoc q0.42 and for R-22 hoc qO.33). 
Analysis of the refrigerant mixture heat transfer coefficients revealed curves similar 
to those of a pure refrigerant in the second through fourth regions (high heat fluxes). In the 
first region, however, the curve shape is a function of its relative concentrations. It is 
believed that this result is due to the fact that at the lowest heat flux, where the thermal 
resistance is mainly due to the condensate film and diffusion resistance in the vapor phase, 
the concentration gradients associated with preferential condensation inhibit mass transfer. 
As the heat flux increases, however, these gradients develop to a lesser extent, allowing the 
heat transfer behavior of the mixture to be more like that of a single component fluid. 
Tandon, et al. (1986) also investigated heat transfer coefficients of R-12/R-22 
mixtures while condensing. They found the heat transfer coefficient of the mixtures, which 
were composed of 25%,50%, and 75% R-22, to fall below those of R-22 and above those 
of R-12. They proposed a general correlation based on earlier work of Akers and Rosson 
(1960), which contains a thermal potential term,hfg/(cp8T). The Tandon, et al. correlation 
is 
Nu = 2.82 Re°.J46 PrJ/3 ~ ( )
0.365 
v cp~T' (2.36) 
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where 
(2.37) 
Their correlation fits the 25% and 50% R-22 mixture data to within 15%, and the 75% 
R-22 mixture data to within 20%. No mention was made of how the mixture properties 
were obtained. 
Stoecker and DeGrush (1987) investigated the heat transfer performance of 
zeotropic mixtures ofR-22 and R-114. They found, for their lowest heat flux, that the heat 
transfer coefficient in the annular regime is actually higher for the mixture than for either 
pure component. As the flow proceeds to wavy and stratified, however, they found a 
definite decrease in heat transfer coefficient for mixtures when compared to either pure 
component. This trend is attributed to the high degree of mixing in the vapor phase when 
in an annular flow regime, thus destroying the species concentration gradients responsible 
for reducing the rate of heat transfer. As the flow becomes stratified, however, the reduced 
turbulence in both the liquid and vapor phases does not break down the concentration 
gradients as well, resulting in lower heat transfer rates. The correlations that best fit their 
mixture data, Equations 2.38 and 2.39, are an older version of Equation 2.36, presented by 
Tandon, et al. (1985). 
(2.38) 
which is valid for Rev <30,000, and 
Nu = 0.084Pr1/3 hfg Re0.6? ( JI/6 
l cp,~T v' (2.39) 
which is valid for Rev>30,000. 
These correlations predict 97% of the experimental data to within 20%. Stoecker 
and DeGrush note that the Tandon, et al. equations depend on latent heat, liquid specific 
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heat, temperature drop across the condensate film, and the vapor Reynolds number. In 
contrast, the correlation that best fits their pure refrigerant data, which is that of Traviss, et 
al. (1973), has none of the above mentioned parameters. 
Torikoshi and Ebisu (1993) investigated the condensation of R-134a/R-32 mixtures 
inside of a 3/8-in. smooth copper tube for two mass fluxes. Data were taken for pure 
R-134a, pure R-32, and a 30%nO% mixture ofR-32/R-134a. The data are all compared to 
similar values for R-22. It was found that the heat transfer coefficients for pure R-134a 
and pure R-32 are 10% and 65% larger than those of R-22 and follow the same general 
trend of increasing with increasing mass flux. For the mixture, however, the heat transfer 
coefficient falls below both of the pure refrigerants value and that of R-22. For the low 
mass flux, 19.6 Ibm/ft2-s, the heat transfer coefficient of the mixture fell 30% below the 
"ideal mixing" line. At the higher mass flux, 39.1Ibm/ft2-s, the difference between the 
"ideal mixing" value and the experimental value is reduced to only 20%. This reduction 
may be due to the additional turbulence and mixing at the higher flow rate. 
2.7 Two Phase Pressure Drop 
As is the case with two-phase heat transfer, many different correlations have been 
proposed to predict two-phase pressure drop. For horizontal tubes, where the body forces 
are negligible, the pressure drop is due to friction and changes in momentum. The familiar 
equation may be written 
(2.40) 
For most condensation applications, the frictional pressure drop is much larger than the 
momentum pressure drop. Hence, most of the pressure drop modeling effort has gone into 
understanding and explaining the nature of frictional losses. 
21 
2.7.1 Frictional Pressure Drop Losses 
Lockhart and Martinelli (1947) developed a technique for estimating the two-phase 
frictional pressure drop, which remains the basis for many models. They defined four 
tenns that relate the actual two-phase pressure drop to that of single-phase pressure 
gradients. The two phase multipliers are 
and 
¢;=.= (dP/dz), 
(dP / dz), 
2 _ (dP / dz) 
¢lo = (dP / dZ)fo ' 
¢2=.= (dP/dz) 
y (dP / dz)y 
¢2 =.= (dP / dz) 
va (dP / dz)va 
(2.41) 
(2.42) 
(2.43) 
(2.44) 
The numerator of each multiplier is simply the actual two-phase pressure gradient. The 
denominators, which are different for each of the four cases, represent pressure gradients if 
only a single phase were flowing through the tube. (dP/dz)e refers to the pressure gradient 
calculated for the liquid flowing alone in the pipe. (dP/dz)fo refers to the pressure gradient 
calculated assuming all of the flow is liquid. The terms (dP/dz)v and (dP/dz)vo represent 
the vapor phase and are defined in an analogous manner. 
The difficult part of modeling the two-phase frictional pressure drop was defining 
the above two-phase multipliers. Lockhart and Martinelli chose to base the multipliers on 
the ratio of the pressure gradients in the liquid and vapor phases. The result of this effort, 
now recognized as the Lockhart-Martinelli parameter, is: 
X2 = (dP / dz), 
(dP / dz)y (2.45) 
Because of its dependence on whether the liquid and vapor flows are laminar or 
turbulent, four different values of X can be produced from this equation. The form most 
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frequently used is for the case of both liquid and vapor flowing turbulently. The resulting 
equation is 
( JOOS( J001( )009 X = Pv J.1, I-x tl p, J.1v x (2.46) 
The other three cases, laminar liquid and laminar vapor, laminar liquid and turbulent vapor, 
and turbulent liquid and laminar vapor have a similar form. 
Chisholm (1968) curve fit the data produced by Lockhart and Martinelli to develop 
equations in X for the two-phase multipliers. The forms of the resulting equations are 
and 
2 C 1 
m =1+-+-
'1', X X2 (2.47) 
(2.48) 
The values of C for the fOUT possible cases are given in table 2.1. The Lockhart-Martinelli 
data were obtained for adiabatic flow without phase change. 
Table 2.1 Values of the constant C given by Chisholm (1968) 
Liquid Phase Vapor Phase C 
turbulent turbulent 20 
laminar turbulent 12 
turbulent laminar 10 
laminar laminar 5 
2.7.2 Momentum Pressure Drop 
Martinelli and Nelson (1948) studied two-phase pressure drop for the non-adiabatic 
case of flow boiling of water. They assumed that the frictional componen t of pressure drop 
did not change from the adiabatic case. Therefore, they only needed to add a term that 
represents the momentum change component of the pressure drop. The momentum 
pressure drop can be evaluated from: 
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(2.49) 
Integrating and writing this equation in tenns of mass flux, quality, and void fraction gives: 
(2.50) 
The momentum pressure drop is then combined with the frictional losses from the two-
phase mUltipliers technique to obtain the overall pressure drop. 
2.7.3 Two-l?hase Flow Pressure Drop Models 
Existing two-phase flow pressure drop correlations can be separated into two 
groups. The first, and less complicated of the two, is based on the assumption of a 
homogeneous flow. The second technique models the flow as separated into well defined 
vapor and liquid regions, and allows for interactions between the phases. 
Homogeneous flow models assume both phases have the same velocity and are in 
thennodynamic equilibrium. In addition, the flow is treated as if it were a single phase, 
with properties detennined by mass averaging liquid and vapor values. A single-phase 
friction factor is then used for the two-phase flow. Although these are known to be 
inaccurate assumptions, homogeneous flow models appear to be quite useful for 
engineering applications. 
The pressure gradient for a homogeneous model usually takes the fonn (Schlager 
1990a) 
(2.51) 
where the first tenn on the right is due to friction and the second term results from the 
acceleration associated with a change of phase. The two-phase friction factor is defined as 
a function of Reynolds number, such as 
(2.52) 
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or 
f = 0.046 
TP Reo.2' (2.53) 
where the Reynolds number is calculated with appropriate values for the properties of the 
pseudo single-phase fluid. Dukler, e! al. (1964) suggests using an average viscosity of the 
form: 
f.1 = p[ xv vf.1v + (1- x)v If.1J (2.54) 
The nonhomogeneous models allow for different velocities and properties in the 
liquid and vapor phases. The Dukler II correlation (Dukler 1964), where a similari ty 
analysis is used to detennine appropriate parameters, is still used to predict the frictional 
pressure drop of a two-phase flow. The correlation presented by Dukler is 
where 
and 
1 
7] = 1 + ----------::-----::------
1.281- 0.478)" + 0.444)..2 - 0.094)..) + 0.(0843)..4 ' 
f = 0.0014 + 0.125 Re-O·)2 , 
o 
(2.55) 
(2.56) 
(2.57) 
(2.58) 
(2.59) 
(2.60) 
(2.61 ) 
A void fraction model must be used with this correlation. Dukler chose the correlation 
from Hughmark and Pressberg (1961). 
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Souza, et al. (1992) developed a two-phase flow pressure drop model based on the 
work of Lockhart and Martinelli (1949). They, however, defined the two-phase multiplier 
as 
rf,2 - (1 X-c , )(1- )1.75 
'f'Lo - +c l " x, (2.62) 
where, for Fr l <0.7 
c1 = 4.172 + 5.48Fr, - L564Fr~ (2.63) 
and 
c2 = L773-0.169Fr" (2.64) 
and for Fr, >0.7 
c1 = 7.242 (2.65) 
and. 
c2 = 1.655. (2.66) 
The functional form of equations 2.62 to 2.64 and the values for c1 and c2 were obtained 
from a regression analysis of 52 data points for R-134a and 45 data points for R-12. The 
mean deviation for the 96 point is 4.6% 
Souza and Pimenta (1995) developed a new two-phase multiplier that includes a 
physical property index, r . The final form of the two phase multiplier they decided on is 
(2.67) 
where 
( Jo.S( JO.115 r= p, & 
pv p, 
(2.68) 
Souza and Pimenta verified their model with data collected for R-12, R-22, R-I34, MP-39, 
and a blend of R-32/125. They report an average deviation of 8.2% from 160 
experimentally obtained frictional pressure drop data points. The data collected for this 
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study are for saturation temperatures between -4 and 59 of, and may be reliable at higher 
temperatures. 
Because the interfacial shear stresses are higher in a condensing flow than in an 
adiabatic flow, a correction term is needed for the correlations developed from adiabatic 
flow data. Silver and Wallis (1965) present such a factor, as shown in Equation 2.69. 
where 
f c 'f12f IjI 
-=e --, 
f f 
aDdx 
1jI=--. 
2x dz 
(2.69) 
(2.70) 
Luu and Bergles (1980) investigated the pressure drop of R-113 for condensation 
in: i) a smooth tube, ii) a tube with twisted tape inserts, and iii) an internally finned tubes. 
Of the models they tested, the correlations of Dukler II and Lockhart-Martinelli fit their 
smooth-tube data the best. When they applied the correction factor presented by Silver and 
Wallis to the correlati9ns, the agreement improved. For the finned tubes, the Dukler II 
correlation was modified (with homogeneous void and an equivalent diameter of the finned 
tubes) and fit their data well. The acceleration portion of the pressure drop was found to be 
only 7% to 20% of the frictional loss. 
Tichy, et al. (1986) compared the pressure drop during smooth-tube, forced 
convection condensation of R-12 mixed with oil. After applying four pressure drop 
correlations (three of which were mopified Lockhart-Martinelli two-phase multipliers, the 
other was Dukler II) in conjunction with seven void fraction expressions, they found that a 
Lockhart-Martinelli relation used with a homogeneous void fraction model best fit their 
pure refrigerant data. The Lockhart-Martinelli term presented by Wallis (1969), shown in 
Equation 2.71, was found to correlate their data bener than the other models tested. 
(2.71) 
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The above two-phase multiplier was then modified to fit condensation data for 
refrigerant-oil mixtures with oil concentrations of 2% and 5%. They found that the 
pressure drop increased by 2% and 6% at oil concentrations of 2% and 5%, respectively. 
The following linear relationship, Equation 2.72, best matched their data. 
(2.72) 
The pressure drop correlation modified for the presence of oil predicted 85% of the data to 
within 35%. Tichey, et al. make no comment with respect to the fact that at 0% oil 
concentration LlPoil:t:. LlPpure, and actually predicts a decrease in pressure drop for low oil 
concentrations. For this reason the above correlation should be used with caution at low oil 
concentrations. 
Schlager, et al. (1989) investigated the pressure drop during condensation of R-22 
in micro-fmned tubes. As expected, the overall pressure drop was found to be higher in an 
enhanced tube than in a smooth tube. The penalty factor, defined as LlPenhancedlLlPsmooth, 
increases sharply from. 1 to 1.2 between 200 and 300 kglm2s and seems to level off at 
about 1.25. Their mass flux range was limited to only 200 to 500 kglm2s, however. The 
data was not fit to correlations. 
In one of the first studies that investigated the pressure drop of refrigerant-oil 
mixtures for condensation in an enhanced tube, Sur and Azer (1991) found that "the 
presence of oil had little effect on the pressure drop for both smooth and finned tubes." 
Their study examined a R-113-naphthenic mineral oil mixture with oil concentrations of 
1.2%, 2.8%, and 4.0%. Although the presence of oil had little effect on the pressure drop 
in either the smooth or enhanced tube, the penalty factor for using the enhanced tube ranged 
from 1.75 to 5.8. Although the penalty factor is much higher than that reported by 
Schlager, et al. (1989), the mass flow rates are an order of magnitude lower. At these flow 
rates, which are 40 to 80 kglm2s, the pressure drop is about 0.25 to 1.5 kPa in the smooth 
tube and 0.8 to 3.0 kPa in the enhanced tube. 
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Even though the flow rates studied by Schlager, et aI. and Sur and Azer are very 
different, it is surprising they come up with such different trends. Sur and Azer found the 
penalty factor to be the greatest at low mass fluxes and decrease with increasing mass flux. 
Schlager et aI found the penalty factor to be near unity for a mass flux of 200 kglm2s and 
increase with increasing mass flux. Although the apparent trends may be affected by the 
accuracy of the pressure measuring devices (Perhaps Schlager, et aI. were not able resolve 
the pressure differences at the lowest flow rate, and thus the penalty factor was set to 
unity?) In their conclusion, Sur and Azer comment that "It has been shown by previous 
investigators that the effect of oil on condensation pressure drop of refrigerants does not 
follow any fixed trend." The lack of a "fixed trend" is at least partially responsible for the 
relatively large errors associated with pressure drop correlations. 
Eckels, et aI. (1994) examined the pressure drop of R-134a/oil mixtures for 
condensation in smooth and microfinned tubes. They found that with 5% (by weight) of 
169-SUS ester based oil, the pressure drop in a smooth tube in increases by 40% to 100% 
at mass fluxes of 300 "kglm2s to 200 kglm2s, respectively. However, they also found the 
pressure drop decreases with the addition of 369-SUS ester based oil. Because the tests 
were run with a maximum of 5% oil, nothing can be said about the possible pressure drop 
effect of 369-SUS oil concentrations higher than 5%. 
The penalty factor for pure R-134a was found to be about 1.5 for a mass flux of 
125 kglm2s and decreased to about 1.3 at a mass flux of 360 kglm2s. This decreasing 
penalty factor trend is consistent with the data from Sur and Azer (1991), but not with the 
data from Schlager, et aI. (1989). This is the only work found that measured a decrease in 
pressure drop with the addition of oil. 
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Chapter 3 
Capillary Tube Literature Review 
A literature review was conducted to discover the problematic areas of researching 
and understanding capillary tube flow. Due to similarities in flow conditions, some overlap 
exists between the ideas presented condensation and the capillary tube literature. For 
completeness, however, a complete discussion of what was found to be the issues and 
ideas which need to be considered before capillary-tube results can be interpreted is 
presented. 
3.1 Sizing Tools 
Until 1949, capillary-tube literature consisted almost exclusively of capillary-tube 
flow analyses and general design criteria. Discussions were made concerning the approach 
to sizing capillary tubes, yet a true technique for selecting a capillary tube, given a specific 
operating condition, was not available. Marcy (1949) presents a method for calculating the 
length of capillary tubing required for a desired pressure drop. He also shows how to 
predict the mass flow rate for a capillary tube of specified dimensions. 
In deriving his selection method, Marcy first assumed that the flow was adiabatic. 
The immediate practicality of the method was questioned since it could not be used for 
capillary-tube/suction-line heat exchangers. However, it served to lay the ground work for 
future models. The principle of the model is to integrate the Fanning Equation for fluid 
friction 
_ dP = 4fpu2 
dz 2gcD 
(3.1) 
If the refrigerant entering the capillary tube is subcooled liquid, the length of tube in which 
the refrigerant remains liquid can be calculated from the above equation. Because the flow 
is assumed to be adiabatic the temperature for the subcooled liquid section is approximately 
constant. 
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The procedure for calculating the length of the two-phase region is in principle the 
same as that used for the subcooled length. Marcy arranged the Fanning Equation as 
follows, 
(3.2) 
where K = 72gD/G2 and G = vp. The equation is integrated over the two-phase region 
with the limits being the saturation pressure at the inception of flashing to the given outlet 
pressure. Note that there is no allowance for a choked-flow exit condition. Marcy 
integrated the equation graphically to determine the length of the two-phase region. The 
total capillary tube length is simply the sum of the liquid length and the two-phase length. 
3.2 Friction Factors and Tube Roughness 
The determination of tube roughness and its effect on frictional pressure loss has 
been a focal point of discussion in refrigeration literature since capillary tubes were first 
introduced as an expansion device. Seemingly, every author of a paper concerning 
capillary tubes has in one way or another referenced this topic. Despite the fact that 
frictional pressure drop has received much attention, the exact nature of shear between 
phases in a two-phase flow is still not adequately understood. Manufacturing variability in 
the production of capillary tubing has also been discussed with regular frequency in the 
literature. It is often blamed for the inability of researches to find a universal model for 
refrigerant flow in capillary tubes. This section outlines the major findings and summaries 
regarding treatment of this important aspect of capillary-tube flow. 
Marcy (1949) assumed that drawn tubes were produced so that tube walls could be 
considered smooth. Thus, he did not account for tube roughness in his relation between 
friction factor and Reynolds Number. Tube roughness has since been shown to have a 
significant effect on flow characteristics. 
Hopkins (1950) initially used the friction factor relation from McAdams (1933), 
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f = 0.094 
ReO.26 ' (3.3) 
for 5000 < Re < 200,000, in his analysis. However, Hopkins found that by using this 
friction factor, his model predicted capillary-tube lengths an average of 13% greater than 
the observed lengths. He then arbitrarily set his friction factor to 13% higher than that 
calculated by McAdams' method. The only other discussion Hopkins makes regarding the 
friction factor is to acknowledge that this remained a point of question. Hopkins mentions 
that the manufacturing tolerance of ±D.001 in. for the internal diameter may account for 
some of the variability in his results. He does not, however, attempt to quantify the 
variation. 
Mikol (1963) notes that previous researchers, including Marcy (1949), Bolstad and 
Jordan (1948 and 1949), Hopkins (1950), Cooper, et al. (1957), and Whitesel (1957a), 
each used different friction factor correlations. Mikol attempted to resolve the apparent 
confusion by performing a detailed experimental pressure drop analysis. The object of this 
analysis was to predict pressure drop within an error of ±1.5%. The limit of ±1.5% was 
placed after an error analysis was performed on the calculation of the friction factor. Mikol 
found that the largest contributors to error were tube inside diameter measurement and mass 
flow rate measurement. A 1 % error in either measurement results in a 5% and 2% error in 
friction factor calculation, respectively. From his error analysis, Mikol determined he 
could make all measurements so that the maximum predictable error in friction factor would 
be ±1.5%. 
Mikol determined inside tube diameter by weighing the tube dry, then filling it with 
water and weighing it full. This was done four times. The result for a nominal 0.055 in. 
diameter tube was 5.5509 x 10-2 in. with an rms error of 6.0 x 10-5 in. Tube roughness 
was determined independently by a diamond stylus type profilometer and a stereoscopic 
microscope. The resulting measurements showed tube roughness to be 2.1 x 10-5 in., 
giving a relative roughness e/D of 3.8 x 10-4 . 
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Water was used as the test fluid during the flow experiments. The results are 
shown in Figure 3.1. The results show good agreement with the standard Moody 
correlation. Mikol concluded from his results that fluid flow in capillary tubes may be 
analyzed in the same manner as any other pipe flow, and the same methods for analysis 
apply. Note though that the Nikuradse correlation for smooth tubes is relatively close to 
Moody's formula for the measured tube roughness. Also note that the data tend to fall 
between the two correlations. The curve defined by Bolstad and Jordan (1949) for a 
nominal 0.055 in. diameter tube is shown on the same plot. The trend for this curve is 
consistent with the Moody correlation, but is consistently high. Mikol conjectures that the 
Bolstad data are high because they used the nominal diameter in their calculations and not 
the actual diameter, and because they had systematic errors in their measurements. 
Scott (1976) compares several two-phase friction factor correlations to experimental 
data from one of Mikol's test runs. He plotted the results as shown in Figure 3.2. There is 
considerable discrepancy between the correlations. It is interesting that the McAdams' 
approach, which is a general correlation, appears the most successful. This may not be 
surprising if one concurs with Mikol's conclusion that refrigerant flow in capillary tubes 
can be treated as any other pipe flow. Scott also recounts the roughness heights determined 
by several investigators. Mikol experimentally determined the roughness for his tubing to 
be 2.1 X 10-5 in. Erth (1970) used the slope of the liquid region pressure profiles of data 
from Bolstad (1948) and Battelle (1960) to determine roughness heights of 1.43 x 10-5 in. 
and 2.0 x 10-5 in., respectively. The roughness for drawn tubing is typically considered 
to be 6.0 X 10-5 in., much higher than the typical values for capillary tubing. For his 
analysis, Scott used essentially an average value of 1.8 x 10-5 in. 
Sweedyk {1981 ~ soughHo limit the effect of manufacturing variability by lobbying 
for a revision in the standard for capillary-tube production. He suggests that a standard for 
internal surface roughness be added to the existing manufacturing standard. To quantify 
the variability in roughness between different tubes, Sweedyk measured the roughnesses of 
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a cross section of tube makes and sizes using a profilometer (Sweedyk did not specify what 
type ofprofi.lometer he used). The results are presented in Table 3.1, from Sweedyk. The 
variability is surprisingly large. However, the tubes tested were obtained from different 
manufacturers and from different processes. It is known that different manufacturing 
processes produce different surface finishes. Without more information relating tube 
roughness to manufacturer and manufacturing process, no conclusive remarks about 
roughness variability may be made. 
Table 3.1 Measured capillary-tube roughnesses, adapted from Sweedyk 
(1981). 
ID(mm) ID (in.) ROUGHNESS (Jlin.) 
0.66 0.026 11 
0.79 0.031 6 - 8 - 8 - 73 - 6 - 43 
0.99 0.039 7.5 
1.07 0.042 4.5 - 6 - 4 - 11 - 16 
1.17 0.046 9.5 - 10 
1.24 0.049 6-8-7.5 
1.37 0.054 13 - 5 - 12 - 5.5 - 7 
1.50 0.059 10.5 - 9 - 7 
1.63 0.064 3.4 - 5 - 10 - 36 - 32 - 4.5 
1.78 0.070 6.5 
1.91 0.075 9 
2.03 0.080 6-9 
2.16 0.085 7 
2.29 0.090 5 
2.79 0.110 7 
Pate (1982) acknowledges the fact that several different sources reported a variety 
of different tube roughnesses. In particular, he mentions that for drawn copper tubing, 
Moody (1944) found roughness to be 5.0 x 10-6 ft (6.0 x 10-5 in.) and Miller (1978) 
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found the roughness to be 8.2 x 10-6 ft (9.84 x 10-5 in.). With this in mind, Pate 
determined the friction factor for his tubing experimentally, bypassing the need for 
determining surface roughness. Upon comparison of his friction factor with the Moody 
diagram, he found the roughness to be 3.85 x 10-5 ft (4.62 x 10-4 in.), an order of 
magnitude higher than any other reported roughnesses. 
It is clear that there is a variability associated with the treatment of frictional 
pressure loss, and that there is very little agreement in the literature on this topic. It is also 
clear that, due to significant differences between manufacturing processes, friction factor 
correlations are valid only for the tube from which they were determined. Conversely, it 
may be argued that the Moody friction factor or similar approaches will be successful given 
an accurate surface roughness of the tube. Nevertheless, one may speculate with some 
confidence that tubing from the same batch will have surface finishes similar enough so that 
the Moody chart will provide adequate results . 
. 3 Flow Regime Analysis 
Researchers have spent considerable effort determining the different flow regimes 
that occur in two-phase flow. The relative mass fluxes of the liquid and vapor phases are 
. generally regarded as the most important factors in determining the flow regime for a given 
set of flow conditions. However, tube orientation has also been shown to have a 
significant effect on flow patterns for most tube diameters; two-phase flows in vertical 
tubes tend to be annular over a much larger range of operating conditions than flows in 
horizontal tubes. Tube diameter has been shown to have relatively small impact on flow 
regime, although very little work has been done with tube diameters on the order of 
capillary-tube sizes. 
Different flow regimes can be characterized by different physical 
phenomena. For example, heat transfer to an annular flow, in which a thin liquid film 
contacts the entire tube wall, behaves much differently than stratified flow, in which the 
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liquid lies in the bottom half of the tube and vapor is in the upper half of the tube. As 
another example, the drag forces on vapor bubbles suspended in a liquid continuum are 
significantly different from those on slug-flow bubbles sandwiched between liquid slugs. 
A major key necessary to correctly model a two-phase flow is knowing the flow regime. 
To better understand the flow regimes present in capillary-tube flow, visualization studies 
have been performed. 
Cooper, et al. (1957) sought more insight into the question of metastability in the 
development of their selection criteria. Their observations and conclusions concerning the 
metastable region will be discussed in a later section. Secondary to their main objective 
was the observation and analysis of the two-phase flow regimes, and their discussion is 
correspondingly brief. To the naked eye, the flow was reported to appear fog-like; the 
presence of bubbles or slugs of liquid and vapor were not observed. A photograph of the 
flow is presented, but no details of how it was obtained are given. 
Mikol (1963) conducted flow tests with R-12 in a O.049-in. ID glass tube. During 
his tests, Mikol observed that under different operating conditions the flow may be either 
steady or pulsating. No attempt at explaining the existence of the two modes is made. 
Photographs of each mode are presented. The pulsating mode is characterized by larger 
bubbles, visible to the naked eye. Downstream of the vaporization point, additional vapor 
bubbles appeared to be forming in the bulk fluid. Liquid was present on the tube wall 
along the entire length of the tube. The stable mode appeared fog-like, in agreement with 
Cooper, et al. (1957). However, high speed photographs were taken to "stop" the flow. 
These revealed the flow was comprised of very small bubbles. The bubbles appeared to 
form on the tube wall and move to the center of the tube. Again, liquid was present on the 
tube wall along the entire tube length. As the flow progressed down the tube, the size of 
the center vapor region became larger. Toward the end of the tube, virtually the entire 
diameter was comprised of the vapor region. A fine spray was observed exiting the tube. 
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Koizumi and Yokoyama (1980) performed a visualization study using a I-mm 
(0.03937-in.) ID glass tube. Their observations agree with those of Mikol. They observed 
one initial vaporization point on the wall. Downstream of this point the bubbles moved 
toward the center of the tube. Once initiated, vaporization continued "in all parts of the 
liquid." Bubbles coalesced as the fluid moved farther downstream. Toward the exit, 
bubbles began to break up, giving the flow an almost homogeneous appearance. 
3.4 Flash Point Location and Metastability 
As mentioned earlier, visualization studies were performed to determine the location 
of the flash point as well as to determine the flow regimes present. These studies sought to 
ascertain whether the so-called metastable region actually exists. Unfortunately, however, 
the capillary tube visualization studies used glass tubing, leaving the conclusions open to 
the argument that flow through a glass tubes does not accurately represent what happens in 
a copper capillary tube. Nonetheless, these visualization studies have added much to our 
understanding of the behavior of refrigerant flow in capillary tubes. 
By using a glass capillary tube, Cooper, et al. (1957) were able to observe that the 
length of the liquid region was longer than that predicted by equilibrium saturation 
calculations, confirming the existence of the metastable phenomena. Curiously, the 
vaporization point in the test sections oscillated within a section of tube a few inches long. 
Cooper, et al. sought to explain this by noting the lack of nucleation sights on the smooth 
internal surface of the glass tube. A thin wire was inserted into the tube in an effort to 
stabilize the flow. With the wire installed, the flash point moved "regularly" along the tube 
as the amount of inlet subcooling was varied. 
Mikol and Dudley (1964), in a paper related to Mikol (1963), examined the 
phenomena of metastability utilizing cavitation theory. In their data analysis, Mikol and 
Dudley included results from other investigators who used both glass tubes and copper 
tubes. The unstable, pulsating flow mentioned in Mikol (1963) was also discussed in more 
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detail. These pulsations in the flow were attributed to instabilities in the inception of 
vaporization. Evidence from photographs taken of the pulsating flow indicated that 
vaporization occurs in the bulk liquid. Further observation showed that the pulsating flow 
was not a transient phenomena that would eventually decay; rather, once initiated, the 
pulsating flow persist if operating conditions were left unchanged. Mikol and Dudley were 
unable to characterize the nature of the instabilities further, however. 
In an attempt to reach stable flow operation more consistently, Mikol and Dudley 
(1964) inserted a thin wire in their tubes in a fashion similar to Cooper, et al. (1957). 
Unlike Cooper, et al., however, Mikol and Dudley did not find that the flash point moved 
smoothly as the inlet subcooling was changed. Instead, they found that once a stable flash 
point was initiated, it was quite stable until large changes in operating conditions were 
imposed. Once the vaporization point was unseated by increased changes in operating 
conditions, an unstable flow pattern appeared. Further changes in conditions eventually led 
to the emergence of a new vaporization site. 
Mikol and Dudley sought to correlate the length of flashing delay with a cavitation 
index (fi defined as 
(J - P static - P vapor 
i - pu2 (3.4) 
2gc 
They report much scatter in the data, with only data for the copper tube showing an 
obvious trend. Visual observations indicated that the cavitation index increased as velocity 
increased. Plots of cavitation index versus velocity for the copper tube confIrm this trend, 
despite the velocity term in the denominator. Mikol and Dudley attribute the large scatter in 
their data to the fact that inception of vaporization is not a continuous function of the 
parameters used in their plots, namely velocity, Reynolds Number, and Weber Number. 
They also report the findings of other investigators who reached a similar conclusion: 
vaporization inception is not a continuous function of any known parameter. This 
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manifests itself in the observation that the inception point changed from test run to test run 
and that it moves in discrete jumps rather than smoothly along the tube. 
Erth (1970) studied the data of Bolstad and Jordan (1948) and Mikol (1963) as well 
as Whirlpool proprietary data taken by Battelle Memorial Institute in 1960. No detailed 
information concerning the Whirlpool data was given. The data of Mikol showed a 
metastable region for every run, however neither the data of Bolstad nor Battelle indicated 
the existence of a metastable region. Erth quotes a private communication from Mikol in 
which he stated that the pressure taps served as the initiation site for vaporization in his 
glass tube and that he believed the same was true for his copper tube. Considering this 
information, Erth deduced that the metastable region was an "anomaly" and did not 
consider it in his model. 
Scott (1976) measured the wall temperature profile for adiabatic capillary tube flow. 
He did not take pressure measurements along the tube to avoid the situation described by 
Mikol wherein the pressure taps served as nucleation sites. Scott's data exhibit a 
metastable region. Scott also observed preferential initiation sites. Consistent with the 
observations of Mikol, Scott found that the flash point did not move in the tube despite 
minor changes in operating conditions. Scott presented an example from his data in which 
the flash point was initially located 20 in. from the inlet. Inlet pressure was increased until 
the flash point jumped to 60 in. from the inlet. Inlet pressure was then dropped to below 
the initial value before flash point returned to the original position 20 in. from the inlet. 
Flow between the two stable operating points was observed to be erratic. Figure 3.3 from 
Scott is an example of the thermocouple readings from this test. Scott concluded that the 
pressure taps made by Bolstad, Battelle (under contract with Whirlpool), and Mikol altered 
the flow pattern-from the actual-patterns found in normal operation, and thus considered the 
data unreliable. 
Having determined that the metastable region must be considered in a model of 
capillary tubes, Scott sought to formulate a model of this section of the flow. Scott argued 
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that nonequilibrium effects need to be considered, and that in order to model this, a semi-
empirical approach is required. Scott assumed that within the delay length, bubbles were 
formed and destroyed. The flash point corresponded to the point where the formed 
bubbles were of some critical radius, at which time they would no longer be destroyed but 
would continue to grow. 
Scott then attempted to develop a semi-empirical model derived from the momentum 
equation for the initial stage of bubble growth. The delay length was equated with the time 
elapsed before rapid bubble growth begins. Scott nondimensionalized this equation, 
creating a dimensionless delay length as a function of the initial disturbance to the 
equilibrium bubble. 
Koizumi and Yokoyama (1980), in addition to their visualization study, 
instrumented an adiabatic copper capillary tube for pressure and temperature measurements 
along the tube. Their data show a metastable region in agreement with the literature 
published in the last 10 years. They summarize their results in terms of two parameters; 
the superheated liquid length and the delay of vaporization, which is the difference between 
the measured fluid temperature at vaporization and the saturation temperature at the 
measured pressure at vaporization, symbolically written as 
Delay = T observed - T sat (P observed) • (3.5) 
During the tests, they observed that both an increase in flow rate and a decrease in internal 
diameter decreased the superheated liquid length and increased the delay of vaporization. 
Koizumi and Yokoyama state that the reliability of their capillary-tube sizing model 
depends on the accuracy of the estimated superheated liquid length. Over the range of their 
experiments, the mean superheated liquid length was 39 cm with a relatively large mean 
error of ± 14 cm. No analytical means of determining superheated liquid length is 
provided, however. Using their experimental data to determine the superheated liquid 
length inherently introduces significant error to their model. 
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Kuijpers and Janssen (1983) developed a theoretical model for refrigerant flow in 
capillary tubes that included thermal nonequilibrium effects; they then took experimental 
data to validate their model. Their model predicted flow rates for a given capillary tube that 
averaged 5% less than the measured values, with a maximum deviation of 10% less than 
observed values. They attribute the discrepancy to the existence of the metastable region. 
To account for this discrepancy, Kuijpers and Janssen sought to correlate the delay of 
vaporization with inlet temperature at various amounts of subcooling. The results are less 
than encouraging, as shown in Figure 3.4 from Kuijpers and Janssen. Unsatisfied, they 
then attempted to correlate the underpressure at vaporization with a constant static 
underpressure and turbulent pressure fluctuation, following the work of Jones (1980). 
Jones (1980) attempted to characterize decompressive flashing inception based on 
initial temperature, decompression rate, and amount of liquid turbulence. Based on the 
limited amount of data available, Jones states that boiling inception models for static liquids 
had two shortcomings in modeling flowing liquids. First, static liquid models for the 
inception of vaporization tend to predict lower vapor content in two-phase flows than do 
equilibrium models. Second, static liquid models predict increasing superheat, or 
underpressure, at vaporization with increasing expansion rate. This trend correctly predicts 
homogeneous nucleation behavior, but it conflicts with the data presented by Jones for 
flowing liquids. 
The data of Scott show further evidence that static liquid boiling models do not 
adequately predict flashing delay in flowing fluids. Figure 3.5 shows a plot of 
underpressure versus expansion rate from Scott's (1976) data. The temperature and 
pressure profiles from the Scott (1976) data were used to determine the underpressure and 
expansion rate. There is, considerable scatter in the data, and no trend is discernible. 
Flashing delay is plotted against expansion rate in Figure 3.6. As expansion rate increases, 
the flashing delay approaches zero. Typical values for the expansion rate in capillary tubes 
are approximately 0.5 to 2 psia/in. At this expansion rate there is considerable scatter in 
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the delay of flashing data. Flashing delay is plotted against underpressure in Figure 3.7. 
Again, there is considerable scatter in the data. From the Scott data, it is clear that static 
liquid boiling models are inadequate for predicting the delay in vaporization in flowing 
liquids. Jones (1983) attributes the discrepancy to the turbulent pressure fluctuations in 
flowing liquids. 
On this basis, Jones combined the effects from static flashing over expansion and 
turbulent pressure fluctuation. Turbulent pressure fluctuations increase with mass flux, 
and the amplitude of these fluctuations add to or subtract from the static pressure in the 
fluid to give the net pressure. The minimum underpressure in the liquid at vaporization can 
be written as 
L\P = L\P 0 - MaxlP'I, (3.6) 
where P' is the turbulent pressure fluctuation. Assuming pressure fluctuation coincides 
with kinetic energy fluctuation, Jones rewrote Equation 3.6 as 
U'2 0 2 
L\P = L\P - 27--- . 
o u2 2Pl 
(3.7) 
In this manner, it is assumed that the minimum pressure in the liquid exists long enough for 
a vapor bubble to be generated and grow. This model correlated well with the data 
presented by Jones. 
Figure 3.8 shows a comparison of Equation 3.7 with the data of Kuijpers and 
Janssen. The error band is for 20% uncertainty in static underpressure. The correlation 
captures the trend in their data that underpressure does tend to decrease at the higher mass 
fluxes. Figure 3.9 is a plot of data from Scott (1976) showing underpressure as a function 
of mass flux squared. A trend in Scott's data is difficult to find. If a trend does exist, it 
appears that undershoot increases at lower mass fluxes, reaches a maximum, then 
decreases at higher mass fluxes. A closer look at the data of Kuijpers and Janssen reveals 
that the same trend may be surmised from their data. However, no clear pattern exists in 
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either data set. In addition, recall that Koizumi and Yokoyama observed that underpressure 
increased with increasing mass flux. It is clear that this type of correlation does not 
completely capture the flow phenomena. 
Chen, et al. (1990) developed one of the first theoretically based models for 
predicting the level of underpressure present at the incepting of flashing. Starting with 
Equation 3.8, from classic nucleation theory, and an experimental parameter that accounts 
for tube roughness, flow turbulence, non-uniformity of nuclei formation, the distribution 
of the nuclei, and the impurity contained in the refrigerant, they used 238 data sets to 
determine the best values for the constants C, nl, n2, and n3. The final correlation is 
Equation 3.9. 
where 
20" 
r =---
c Ps - P f 
( 3/2 J( J ( )-0.208 -318 Ps -Pf =0.679 ~ ~ ReO.914 L\Tsc (D,) . , 
.JkTs Vg Vi Tc D 
D' = 104 .JkT.! 0" , 
(3.8) 
(3.9) 
(3.10) 
and k is the Boltzman constant. This effort resulted in predicting the underpressure of 
vaporization with a standard error of 26%. They claim the error is caused "mainly by the 
fluctuation and the contingency of the position of the inception of vaporization." 
Recent literature for adiabatic capillary tube flow has given substantial support for 
the existence of the metastable region. Until details of the Battelle experiments are known, 
no explanation can be given as to why their data did not exhibit a delay in vaporization. 
The metastable phenomenon seems real and has been shown to have a significant impact on 
the prediction of mass flow rates. 
The mechanics of this phenomenon are still not understood. Although one may 
draw analogies between boiling of static liquids and flashing of flowing fluids, the method 
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of predicting boiling inception in static liquids has proven unsuccessful when modeling 
refrigerant flashing in a capillary tube. One may also logically argue that the effects of the 
flow field should affect flashing inception. Although models based on this premise have 
shown agreement with some data, they also predict results which are completely contrary to 
other data. Clearly, more work focused on the physics of phase change in flowing fluids is 
needed to better understand the phenomena. 
3.5 Two-phase Flow Modeling 
Several two-phase flow models found in the literature were discussed by Wallis 
(1980, 1982). The models fall into two general categories: equilibrium and 
nonequilibrium. Equilibrium models assume the phases of the flow are in equilibrium, 
thus simplifying the modeling process. Nonequilibrium models attempt to account for 
interphase heat, mass, and momentum transfer, as well as multidimensional effects and 
flow-regime transitions. 
Of the eqUilibrium models, the most straightforward is the homogeneous 
eqUilibrium model (HEM). This model assumes the equations describing a two-phase 
mixture can be reduced to a single set of equations describing a "pseudo-fluid" with 
appropriate properties. Included in this assumption is that the phases are in equilibrium 
with each other, have the same velocity, and are at the same temperature. This model does 
a good job of predicting the critical mass flux if the tube is long enough so that equilibrium 
is reached by the exit and if the flow pattern is such that relative motion between phases is 
minimized (Wallis 1980). The observations of temperature and pressure profiles which 
indicate eqUilibrium being reached in the later section of the capillary tube along with the 
typical "fog-like" flow observed exiting from capillary tubes (Miko11963) indicate both of 
these conditions are met. 
Wallis groups the non-equilibrium models into three categories: i) completely 
empirical, ii) physically based models for thermal non-equilibrium, and iii) two-fluid 
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models. Although some of the empirical models show strikingly good agreement with the 
data, their range of applicability is limited. 
The thermal non-equilibrium models account for mass transfer between phases due 
to a temperature difference between the phases. These models typically rely on boiling 
theory to determine the rate of mass transfer. Some models consider bubble nucleation and 
vapor generation as the modes of mass transfer, yet still rely greatly on empirical 
correlations. These correlations are typically needed to determine the nucleation site 
densities and initial bubble number densities. 
For two-fluid models separate conservation equations are written for each phase. 
The equations require auxiliary relations for interphase heat, mass, and momentum 
transfer. The key to this type of model is determining the interphase transfer relations. 
Two-fluid models show the most promise at the present time, but they are still in the 
developmental stages, and much work is needed before they can be widely applied with 
success. 
A few investigators have attempted to model the two-phase portion of the flow in 
multiple sections, at least one of which is non-homogeneous. The motivation for this 
approach stems from an examination of the temperature profile along an adiabatic capillary 
tube. If a metastable region exists, the temperature drop associated with the inception of 
flashing is initially steeper than the corresponding pressure drop. Shortly after flashing 
begins, the temperature and pressure profiles match, indicating that the refrigerant is once 
again in a saturated state. These regions are shown explicitly in Figure 3.10 and in the data 
of Figure 3.9. One obvious division of the two-phase flow is to model two sections, one 
thermal nonequilibrium section and one equilibrium section, which mayor may not be 
considered homogeneous. 
The thermal nonequilibrium model of Kuijpers and Janssen (1990) is a good 
example of a model that allows for a temperature difference between the phases. Initial 
conditions set the magnitude of this difference, which is then correlated with another flow 
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variable, such as void fraction, as the flow proceeds. Kuijpers and Janssen selected a 
function of the fonn 
~T~ (a) = (1- a)" ~Tfi' (3.11) 
where ~Tfi represents the delay of vaporization as defined by Koizumi and Yokoyama, a 
represents void fraction, and n is determined experimentally. Although the meaning of 
~ T~ is not explicitly stated, it appears to be the derivative of ~ T fi with respect to tube 
position. At some point along the tube the calculated temperature difference is small 
enough that the two phases may be considered in equilibrium and a homogeneous flow 
model may be employed. 
Scott (1976) presents a model based on the same premise: the two-phase flow is 
initially in a non-equilibrium state, detennined by the temperature difference between the 
liquid and vapor phases. The calculated difference vanishes at some point along the tube; 
then a different model is used to describe the flow. Scott assumed that the two-phase flow 
was governed by the growth of vapor bubbles. In order to simplify the governing 
equations, Scott introduced the following additional assumptions: 1) once initialized, the 
bubble growth is controlled by thennal effects, 2) pressure in both phases is the same, 3) 
the quality remains small, 4) fluid properties remain constant. Scott only presented the 
model, as implementation of the model into computer code was beyond the scope of his 
thesis. The accuracy of this model is therefore unknown. 
Li, et al. (1990) provided for the mass transfer between liquid and vapor due to 
thennal non-equilibrium. The mass transfer was assumed to be proportional to the latent 
heat of vaporization and took the form 
. kl(Tl - Ts)S m = ""';:"---"---::";'-
hfgLe ' 
(3.12) 
where k i is the thennal conductivity of the liquid, T land Ts are the liquid temperature and 
saturation temperature, respectively, S is the surface area per unit volume between the 
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liquid and vapor phases, hfg is the latent heat of vaporization, and Le is an apparent length 
of heat transfer characterizing the thennal boundary layer over which the liquid temperature 
changes from Tl to Ts' The values of Sand Le are dependent on the flow regime. 
Based on the observations of Mikol and Dudley (1964), Li, et al. assumed two 
flow regimes to exist. First, a bubble flow pattern was assumed for void fractions up to 
0.3. Mist annular flow was then assumed to exist for the remaining section of tube. The 
initial total surface area between the phases is defined as the surface area of a single bubble 
of some critical radius times the number of bubbles per unit volume generated at the 
vaporization point. This approach is commonly found in the two-phase flow literature for 
nuclear power applications. 
The initial size of the bubble is taken to be a critical radius defined by surface 
tension as 
2<Y 
r =---
c p _p , 
s f 
(3.13) 
where the initial pressure difference P s - P f is given from the correlation of Chen, et al. 
(1990). The number of bubbles per unit volume is also given by a correlation of Chen, et 
al. The apparent length, Le, is detennined by a relation from Hirt (1979). For the mist 
annular flow regime, Li, et al. expresses the interfacial surface area as 
S= 4a 
D' 
(3.14) 
where D is the capillary-tube internal diameter, and a is the void fraction. The apparent 
length is expressed as 
c Le=-, 
a 
where c is determined from experimental data. 
(3.15) 
Comparisons of the predicted temperature and pressure profiles against their 
experimental data are shown in Figures 3.11a-d from Li, et al. The agreement appears 
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Figure 3.11 Predicted and experimental temperature and pressure profiles from Li. 
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encouraging. The prediction of the vaporization point and non-equilibrium section of the 
two-phase flow show the trends of the data. Figure 3.12 shows void fraction development 
along the tube length for the cases shown in Figure 3.11a-d. By comparing Figures 3.11a-
d and 3.12, one can see the how the temperature difference between the phases and the rate 
of vaporization of liquid are related. At the flash point, the rate of vaporization is quite 
high, due to the relatively high temperature difference between the phases and large 
interfacial surface area. As the temperatures of the two phases become nearly equal, the 
rate of void fraction development decreases to an almost constant value. This result makes 
sense intuitively, since one expects the rate of vaporization, and thus void fraction, to 
decrease as the driving potential, which is the temperature difference between phases, 
decreases. 
The methods for modeling two-phase flow are widely varied. The success of a 
given method depends upon, among other things, the agreement between the actual and 
predicted flow regimes. Homogeneous flow models offer an attractive simplicity, yet they 
are also restrictive in the types of flows that can be accurately represented. Two-fluid 
models are more complicated in nature and are correspondingly more difficult to 
implement. The treatment of the phase interaction is of paramount importance. However, 
they do reduce to the homogeneous model in limiting cases. Separate phase models also 
show better agreement with the experimental data, and considering the experimental 
observations from visualization studies, they seem best suited for modeling capillary tube 
flow. 
3.6 Exit Conditions 
Gases that flow in piping systems from an upstream reservoir at relatively high 
pressure to a downstream receiver at a lower pressure can reach critical conditions, 
whereby further reduction of the downstream receiver pressure does not further increase 
the mass flow rate. The gas velocity at the exit of the piping system is the sonic velocity; 
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thus the "infonnation" of the pressure drop cannot be "communicated" upstream. In 
analyzing this type of flow, the gas at the exit is considered to be at thennodynamic 
equilibrium. The presence of two phases in the flow stream complicates the physics; the 
phases may not reach thennodynamic equilibrium by the time they enter the exit plane. 
Thus, one may expect treatment of two-phase flows under critical conditions to be different 
from that of a single-phase flow analysis. 
To date, the thrust of investigation into the phenomena of critical two-phase flow 
has come from the nuclear industry, where reactor safety under extraordinary conditions is 
of paramount importance. Since the nuclear industry has been the major driving force in 
two-phase flow research, there has been little emphasis on the use of fluids other than 
water as the working fluid. Relatively little work in critical two-phase flows has been done 
with refrigerants. A review of the common critical flow models found in the nuclear 
literature will give background infonnation and insight into the phenomena peculiar to two-
phase critical flows. 
The homogeneous models are derived from an expression for pressure drop via a 
one-dimensional steady-state analysis which typically takes the fonn shown by Wallis 
(1969) as 
dx I dA 
Cf +Cx-+Ca --+Cggcos8 dz Adz 
--=---=--........ ~----I-M2 
dP 
dz 
(3.16) 
where the coefficients Cf , Cx' Ca , and Cg detennine the relative importance of friction, 
phase change, area change, and gravity, respectively, on pressure drop. The M2 tenn in 
the denominator serves the same function as does the square of the Mach Number in a 
single-phase flow analysis. Thus, the resulting relation for M2 from anyone-dimensional 
derivation can be solved for an equivalent sonic velocity. A "choked" flow condition can 
be defined when the average velocity across the tube exit is equal to the sonic velocity. The 
exact fonn of the M2 tenn depends on the state variables used in the derivation. 
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Equilibrium models can be grouped further by the types of limiting assumptions 
made to avoid accounting for nonequilibrium effects. The Homogeneous Equilibrium 
Model (HEM) is an extension of the homogeneous two-phase flow model, and assumes the 
two phases are in complete equilibrium, i. e., equal pressures, temperatures, and velocities. 
In this way, the fluid acts as a single-phase fluid with properties equal to some average of 
the properties of the two phases. The HEM analysis is the simplest of the models and is 
the one most often cited in the literature. 
Other equilibrium models include the Frozen Model, in which the time scale is so 
short that there is essentially no time for phase change to take place. Quality, then, is 
considered constant throughout the expansion process. 
Slip flow models assume quality is known a priori, such as from the Frozen Model. 
The velocity ratio can then be treated as an unknown, and the conservation equations 
solved for the value of the velocity ratio for which mass flow is a maximum. Slip flow 
models tend to predict higher critical mass flow rates than the HEM. 
If the fluid is in a flow regime that may be approximated by a homogeneous fluid, 
this model should give adequate results. However, if the piping system is such that the 
phases cannot reach equilibrium, as with short pipes, or such that the primary flow regime 
allows for significantly different phase velocities, as with annular flow, use of a model 
other than the HEM should be considered. 
A few investigators have studied the exit conditions of capillary-tube flow. Mikol 
(1963) studied the phenomena occurring at the exit of a capillary tube in two ways. First, 
he developed a model for the exit conditions of two-phase refrigerant by calculating a 
Fanno flow line using quality weighted properties of the refrigerant. Measured values of 
pressure at the capillary-tube exit can be plotted on the calculated Fanno line and compared 
with the minimum pressure given by maximum entropy for the calculated Fanno line. 
Figure 3.13 shows one such comparison. The measured pressure is shown to be less than 
the calculated minimum pressure, which is physically impossible. Mikol notes that other 
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investigators had observed similar results. The discrepancy was stated to be a result of 
two-dimensional effects occurring in the real flow that were not accounted for in the one-
dimensional analysis. 
Mikol's second approach was based on a homogeneous two-phase flow. The 
speed of sound can then be calculated from the equivalent single-phase flow relationship 
(3.17) 
The average velocity at the exit is calculated and compared with the calculated speed of 
sound. The observed exit pressure is also compared to the calculated exit pressure using 
the Fanno line. Mikol grouped the data into three categories for discussion. The ftrst 
group, summarized in Table 3.2, from Mikol, shows the observed exit pressure to be 
higher than the calculated critical exit pressure. For each of these cases, the calculated exit 
velocity is less than the calculated speed of sound. This result agrees with the classic 
compressible flow theory. Further supporting this conclusion is the magnitude of the 
pressure drop at the exit of the tube AP exit. For each of the cases presented in Table 3.2, 
both observed and calculated AP exit are less than 3 psi, which is of the order one would 
expect for subsonic flow. 
Table 3.3 shows the experimental data for which .1P exit is greater than 3 psi but 
less than 11 psi. These pressure drops are considered large enough to indicate significant 
pressure drop over and above any experimental error. Mikol concluded that this magnitude 
of pressure drop was representative of what one could expect for sonic flow. For these 
cases, the observed and calculated exit pressures are approximately equal, as are the 
observed exit velocity and calculated speed of sound. Again the results agree with the 
trends for classical compressible fluid flow theory for choked flow. 
Table 3.4 shows observed and calculated pressure drops at the tube exit greater than 
13 psi. One would expect, from compressible ideal gas theory, that the greater reduction of 
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Run 
No. 
14 
15 
18 
19 
29 
30 
36 
37 
38 
39 
Table 3.2 Comparison of calculated and measured exit plane properties for 
the adiabatic flow of Refrigerant 12 under non-choked flow 
conditions (Tube: Copper 0.0555-in. ID x 6.0 ft long), adapted 
from Mikol (1963). 
Pressure Velocity 
Comr arisons Comparisons 
Exit Exit 
Plane Plane Exit Speed 
Flash Mass Press. Press. (1) Velocity of ~Pexit ~Pexit 
point Flow (Pexit) (Pexit) (observed) Sound observed Fanno 
Temp Rate observed Fanna (2) (3) (4) 
F lbm/hr psia psia ftls ftls psi psi 
81.5 56.16 50.4 48 121 129 3.1 (5) 
81.5 55.44 51.3 46 115 127 2.5 (5) 
85.3 51.84 54.1 45 105 130 1.4 (5) 
85.8 51.84 52.4 45 111 133 1.9 (5) 
119.0 67.68 73.8 64 147 158 1.3 (5) 
117.6 67.68 76.3 64 136 162 1.1 (5) 
124.6 63.00 68.3 62 170 188 2.4 (5) 
125.2 61.56 70.0 60 161 186 1.6 (5) 
126.5 59.04 76.7 58 136 180 0.1 (5) 
126.5 59.40 80.1 58 127 175 0.3 J5) 
(1) Corresponds to point of maximum entropy on Fanno line for the measure mass 
flow rate and flash point temperature. 
(2) "Observed" only in the sense that the calculation of exit velocity uses the measured 
mass flow rate and measured exit plane pressure, but it uses the assumption of 
equilibrium, one-dimensional adiabatic flow to calculate exit quality and exit 
velocity. 
(3) Speed of sound determined from a finite difference approximation to C2=(dP/dp >s 
for the temperature and quality at the exit plane. 
(4) ~Pexit Fanno = (Pexit Fanno-Pback). 
(5) These values would be negative and lack significance in this case. 
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Run 
No. 
10 
11 
12 
16 
17 
27 
Table 3.3 Comparison of Calculated and measured exit plane properties for 
the adiabatic flow of Refrigerant 12 under choked flow conditions. 
(Tube: Copper 0.0555-in. ID x 6.0 ft long), adapted from Mikol 
(1963). 
Pressure Velocity 
Comparisons Comparisons 
Exit Exit 
Plane Plane Exit Speed 
Flash Mass Press. Press. (1) Velocity of APexit APexit 
point Flow (Pexit) (Pexit) (observed) Sound observed Fanno 
Temp Rate observed Fanno (2} 
-.ill (4) 
F lbm/hr psia psia ftls ftls psi Dsi 
90.5 47.16 41 42 173 168 5.0 6.2 
90.1 47.88 40 42 182 170 7.4 9.7 
82.2 55.44 46 46 141 139 4.4 4.0 
85.9 51.84 43 45 159 154 8.2 9.8 
86.0 51.84 44 45 153 151 10.1 10.7 
117.0 73.44 65 69 175 173 4.0 -0.1 
(1) Corresponds to point of maximum entropy on Fanno line for the measure mass 
flow rate and flash point temperature. 
(2) "Observed" only in the sense that the calculation of exit velocity uses the measured 
mass flow rate and measured exit plane pressure, but it uses the assumption of 
equilibrium, one-dimensional adiabatic flow to calculate exit quality and exit 
velocity. 
(3) Speed of sound determined from a finite difference approximation to c2=(ap/ap)s 
for the temperature and quality at the exit plane. 
(4) .1Pexit Fanno = (Pexit Fanno-Pback). 
61 
Run 
No. 
24 
25 
26 
33 
34 
35 
Table 3.4 Comparison of calculated and measured exit plane properties for 
the adiabatic flow of Refrigerant 12 under choked flow conditions, 
but with large pressure drop from tube exit to back pressure 
region. (Tube: Copper 0.0555-in. ID x 72.0 in. long), adapted 
from Mikol (1963). 
Pressure Velocity 
Comparisons Comparisons 
Exit Exit 
Plane Plane Exit Speed 
Flash Mass Press. Press. (1) Velocity of .1Pexit .1Pexit 
point Flow (Pexit) (Pexit) (observed) Sound observed Fanno 
Temp Rate observed Fanno (2) (3J (4) 
F lbm/hr psia psia ftls ftls psi psi 
110.2 76.68 61 69 200 170 17.0 25.0 
114.5 74.16 61 69 209 179 13.5 21.9 
116.2 72.72 57 69 231 188 21.7 33.7 
118.5 67.68 57 64 220 192 14.6 21.2 
122.8 63.00 55 62 230 204 14.9 21.8 
125.7 66.24 55 64 254 210 15.2 24.6 
(1) Corresponds to point of maximum entropy on Fanno line for the measure mass 
flow rate and flash point temperature. 
(2) "Observed" only in the sense that the calculation of exit velocity uses the measured 
mass flow rate and measured exit plane pressure, but it uses the assumption of 
equilibrium, one-dimensional adiabatic flow to calculate exit quality and exit 
velocity. 
(3) Speed of sound determined from a finite difference approximation to C2=(dP/dp)s 
for the temperature and quality at the exit plane. 
(4) APexit Fanno = (Pexit Fanno-Pback). 
62 
back pressure would have no effect on flow conditions. However, note that the observed 
values of M> exit are much less than the calculated values of ~P exit. The observed values of 
the exit pressure are also much less than the values of calculated exit pressure. The exit 
velocity is correspondingly higher than the calculated speed of sound. The one-
dimensional ideal gas approach appears to have broken down. Mikol pointed to earlier 
investigators who have attributed similar results, at least in part, to the actual two-
dimensional nature of the flow at the exit. If the experimental results of Mikol are valid, 
then a more sophisticated model than a homogeneous one-dimensional flow model is 
required to capture the physics governing the flow. 
Pate and Tree (1987) considered several critical flow models for inclusion in his 
capillary-tube model. He compared a total of nine models which he divided into three 
categories: homogeneous equilibrium models (HEM), homogeneous frozen models 
(HFM), and nonhomogeneous models. From the HEM group, Pate considered an 
isentropic and isenthalpic model from Lahey (1977), and a model from Smith (1963). He 
compared HFM from Smith (1963), Semenov and Kosterin (1964), and Wallis (1969). 
He also examined nonhomogeneous models from Fauske (1962), Levy (1964), and 
Moody (1968). 
Before comparing models, Pate plotted mass flow rate versus downstream reservoir 
pressure for three upstream pressures. This is shown in Figure 3.14 from Pate. Note that 
although mass flow rates tend to level off at low reservoir pressures, it never reaches a 
constant value. Instead it continues to rise slightly. This is consistent with the data of 
Mikol, and further indicates that refrigerant flow does not completely choke in the classical 
sense. Pate states that the isenthalpic model of Smith varied only 4% from the isentropic 
model, and therefore only showed results from the isentropic model. Figures 3.15a and 
3.15b show how the various models predict critical mass flow rate for various exit 
qualities. Although Pate's data lie closest to the isentropic HEM prediction, the data are too 
few to show any trends, and conclusions drawn must be evaluated accordingly. 
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The concept of a "choked" condition existing in a two-phase flow is predicated on 
the assumption that the flow is homogeneous. The further the characteristics of the flow 
are from homogeneous, the less well defined the concept of speed of sound and critical 
mass flow become. Indications from experimental data show that there is a pseudo 
"critical" back pressure, at which point further reduction in back pressure has little effect on 
flow rate. However, there is little conclusive evidence that shows a true "critical flow 
condition" exists for capillary-tube flow. In this light, homogeneous flow models should 
be taken only as first approximations. Still, nonhomogeneous models have not shown 
significantly better results. 
3.7 Experimental Data 
The vast majority of researchers publishing articles on the various aspects of 
capillary-tube flow modeling used their own experimental data to develop correlations and 
validate their work. The actual amount of published data available to the public is, 
however, relatively small. Major contributors to this data base include Scott (1976), 
Bolstad and Jordan (1948), DuPont, (Technical Bulletin RT-31F, published to aid in 
capillary-tube applications), Whitesel (1957), Mikol (1963), Mikol and Dudley (1963), 
Battelle, (under contract with Whirlpool and reprinted by Scott (1976», and Pate (1982). 
The data of Bolstad have been considered suspect by Erth (1970) and Scott (1976) since it 
does not exhibit a metastable region. Over half of Scott's data are for tubes of internal 
diameter larger than that used in household refrigerators. Since surface tension effects are 
not significant for internal tube diameters greater than those found in household 
refrigerators, that data may not be considered suitable for validation for the model presented 
in this report. 
Clearly, there are many aspects of capillary tube flow which remain a mystery. 
Even though this is the case, methods for predicting capillary tube performance for the 
more complicated case of refrigerant mixtures, including possibly zeotropes, is going to be 
66 
in strong demand in the very near future. It is hoped that the discoveries and insights 
offered by this work will help develop a better fundamental understanding of capillary tube 
flow. 
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Chapter 4 
Experimental Facility for Condensation Study 
This chapter describes the apparatus used to collect condensation data. The system 
shown in Figure 4.1 consists of a refrigerant loop and a water loop. Heat is transferred 
from the condensing refrigerant to the water in the test section and subsequently rejected to 
the chilled ethylene glycol line provided by the building cooling system.. The actual test 
section is an 18.5-ft counterflow heat exchanger containing a 3/8-in., Turbo-A, micro-
groove tube manufactured by the Wolverine Tube Company, Inc. 
4.1 Refrigerant Loop 
At the time this study, some of the refrigerants considered in this study were in 
limited supply. Consequently, an effort was made to minimize system charge. To this 
end, the refrigerant loop is constructed of 1/4-in. copper tube with an expansion to 3/8-in. 
tube approximately 1 ft before the entrance and after the exit of the test section. 
Additionally, reservoirs containing liquid refrigerant were either eliminated altogether or 
minimized in volume. In the final design, the test facility requires about 7 Ibm of 
refrigerant charge. 
4.1.1 Overview 
We begin our examination of the refrigerant loop with an brief overview of its 
various components starting at the pump, then moving around the loop from component to 
component, and finally returning once again to the pump. This overview is followed by a 
more in-depth examination of each of the various components in both the refrigerant and 
water loops along with their related design issues. 
Refrigerant is moved around the loop by one of the two available positive 
displacement pumps. Two pumps are necessary because neither pump alone can handle the 
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Figure 4.1 Schematic of the experimental facility used in the condensation heat transfer studies. 
range of flow rates considered in this study. The liquid refrigerant leaving the pump flows 
first through the mass flow meter and then through the sampling section used in 
determining refrigerant composition and oil concentration. After the sampling section, the 
refrigerant flows into the enthalpy-setting tank (EST) where the flow is heated in order to 
establish the two-phase or superheated inlet condition to the test section. A sight glass 4.5 
in. in length is installed just upstream of the test section inlet, and a similar sight glass is 
installed just downstream of the test section outlet. These two sight glasses, which have an 
internal diameter matching that of the 3/8-in. copper tube in the test section, allow us to 
observe the condition and flow regime of the refrigerant flow at both the inlet and outlet of 
the test section. 
The test section itself is essentially a counterflow heat exchanger wherein the 
refrigerant is partially or completely condensed (depending on the test) by cooling water 
flowing over the outside surface of the refrigerant tube. When a two-phase condition exists 
at the outlet of the test section, a portion of the flow is diverted through the after-condenser 
where it is converted to subcooled liquid. The fraction of flow diverted through the after-
condenser is adjusted so that the resulting stream of refrigerant is also subcooled when the 
after-condenser flow recombines with the test section flow. 
This combined refrigerant stream then flows into the pressure-regulating tank 
(PRT) where loop pressure is established. Pressure regulation is effected by maintaining a 
constant two-phase mixture in the tank. This is, in tum, accomplished by maintaining a 
constant tank temperature and a zero net mass flow rate into the tank. The tank temperature 
is kept constant by immersing it in a well stirred bath held at constant temperature by a 
heating element and a PID controller. Heat loss to the ambient coupled with the fact that 
subcooled liquid enters the -tank from above and saturated liquid leaves the tank from below 
means that a net heat input is always necessary. Thus, a controlled heat input can do the 
job of maintaining a constant temperature. Under steady-state conditions, the inflow and 
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outflow of the tank are equal. This approach was found to be quite effective in maintaining 
constant loop pressures. 
Saturated liquid drawn from the bottom of the pressure-regulating tank is again 
subcooled slightly so that no flashing occurs in the suction line of the pump. A filter-drier 
is located upstream of the pump to remove' any moisture or solid contaminants. 
We now present a more detailed examination of the system components. 
4.1.2 Pumping- System and Flow Rate Measurement 
Because the ability to independently vary and control oil concentration in the 
refrigerant loop is essential to the present study, lubricant-free, positive-displacement 
pumps were chosen over compressors as the means of producing flow. Although a few 
lubricant-free compressors are commercially available, they are quite expensive and their 
compatibility with alternative refrigerants is largely unknown. Two pumps were used to 
cover the full range of flow rates considered in this study. Our low-capacity pump is a 
MICROPUMP® Model 210 driven by a 1/3-hp, variable-speed, DC motor. This pump can 
handle flow rates up to 200 lbmlhr. Our high-capacity pump is a MICROPUMP® Model 
220 driven by a l/2-hp, variable speed, DC motor. 
High accuracy in the measurement of both the refrigerant and water flow rates is 
essential to ensure the quality of the resulting heat transfer data. One of the most accurate 
methods for measuring the mass flow rate of single-phase fluids over the range of interest 
here is the Coriolis-effect mass flow meter. For this reason, we selected (a) a Micro 
Motion Model DSOI2S100 Coriolis-effect mass flow meter for measuring the refrigerant 
flow rate and (b) a Micro Motion Model DS025S113 Coriolis-effect mass flow meter for 
measuring the water flow rate. Table 4.1 gives the range and accuracy for these two flow 
meters. The 4-20 mA output of each flow meter is routed to a Capp Model 535 PID 
controller that adjusts motor speed to maintain a constant flow rate at the desired value. 
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Table 4.1 Mass Flow Meter Specifications 
Model Number Fluid Maximum Flow Rate Accuracy 
DS012S1oo refrigerant 6601b.jhr 0.2% of rate 
DS025S113 water 27001b.jhr 0.2% of rate 
4.1.3 Enthalpy Settin~ Tank 
The enthalpy setting tank (EST) shown in Figure 4.2 is used to set the enthalpy at 
the inlet of the test section. The enthalpy-setting tank consists of a well insulated, 24-gal 
steel drum filled with a propylene glycol and water mixture. Refrigerant flows through 
four parallel coils of copper tubing immersed in the tank. Four coils are necessary to 
provide sufficient surface area for heat transfer between the tank fluid and the refrigerant. 
In addition, two submersible pumps circulate the propylene glycol and water mixture to 
achieve a uniform tank temperature and provide enhanced heat transfer rates between the 
tank fluid and the refrigerant coils. From the measured temperature and pressure of the 
subcooled liquid refrigerant entering the enthalpy-setting tank, the inlet enthalpy can be 
determined. Next, the rate of heat addition required to obtain the desired inlet condition for 
the test section can be ascertained using the measured refrigerant mass flow rate. In our 
design, heat addition is accomplished using two 6-kW electric heaters along with the two 
circulating pumps noted earlier. At steady state, the rate of heat transfer to the refrigerant 
passing through the enthalpy-setting tank is exactly equal to the total power consumed by 
the two heaters and the two pumps minus the rate of heat loss to the environment. 
The rate of heat loss to the environment varies with environmental conditions and 
thus can potentially contribute uncertainty to the refrigerant enthalpy at the inlet of the test 
section. To minimize this·effect, the EST is extremely welHnsulated and heat loss tests are 
run before any data are taken. To insulate the EST, the 24-gal drum was first placed inside 
a larger, 55-gal drum. The 4-in. gap between the inner and outer drums was then filled 
with a polyurethane insulation, and the top of the tank was covered with 1 ft of fiberglass 
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insulation as shown in Figure 4.2. To further minimize heat loss, the outside surface of the 
55-gal. overpack drum was wrapped with tygon tubing carrying water at a temperature 
approximately equal to that of the propylene glycol. This exterior wrap lowers the 
temperature gradient across the polyurethane insulation thus further reducing heat loss to 
the environment. Finally, the larger drum with the tygon tubing was wrapped with 4-in. of 
fiberglass insulation. 
The results of a heat leak test are shown in Figure 4.3. At typical operating 
conditions, the rate of heat transfer from the tank is approximately 90 Btu/hr. By 
comparison, the power added to the EST from the heaters ranges from 2,000 to 
32,000 Btu/hr corresponding to losses of 4.5 % and 0.3 %, respectively. Although a 
maximum loss rate of 4.5 % may seem at first to be a significant concern, the element of 
real interest here is the uncertainty in the loss since the loss itself is accounted for in 
determining refrigerant enthalpy. We estimate that the uncertainty in the rate of heat loss 
from the EST is ±1O Btu/hr, thus making the uncertainty in the total power transferred to 
the refrigerant 0.5% to 0.03% for the limiting cases cited above. This small uncertainty is 
acceptable for our purposes. 
The power added to the EST must also be measured to an accuracy on the order of 
0.1 % to ensure the quality of the resulting heat transfer data. To achieve this desired 
accuracy, the power delivered by the heaters is measured using a system developed at the 
University of Illinois as is more fully explained in Section 3.4.3. The power dissipated by 
the two submersible pumps is measured using an Ohio Semitronics 0-5 watt transducer 
with an accuracy of 0.2 % of the reading. Two separate systems were used because the 
pumps operate at 115 VAC, whereas the two heaters operate at 240 V AC. Moreover, the 
pumps, although mildly-inductive, operate at steady state with voltage and current 
waveforms that are very nearly sinusoidal (although not necessarily in phase). The heaters, 
on the other hand, are cycled on and off by the time proportional action of the controller. 
Although zero-crossing relays were used to minimize waveform distortion, the accuracy of 
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Figure 4.3 Heat loss from the enthalpy setting tank. 
a conventional watt transducer under these conditions could not be easily ascertained. 
Thus, we designed our own device to measure the heater power. The accuracy of this 
device for complex waveforms can be firmly established. However, because the pump 
power is only a small fraction of the total power and the waveforms are relatively simple, 
the less expensive commercial watt transducer is sufficient. 
Finally, we should note that a Capp Model 535 PID controller continuously adjusts 
the on-time of the heaters based on the output of the power measurement device to maintain 
a tight control on the enthalpy of the refrigerant entering the test section. 
4.1.4 Pressure Regulating Tank 
As previously noted, the pressure-regulating tank (PRT) sets the loop pressures. 
More specifically, the PRT sets the pressure at a single point in the refrigerant loop 
downstream of the test section, but, because mass flow rate is constant, the pressure 
difference between various points in the loop is also constant and the pressure-setting tank, 
in effect, controls all loop pressures. In practice, we set the temperature of the pressure-
regulating tank so that the arithmetic mean of the pressures at the inlet and outlet of the test 
section equals (within experimental uncertainty) the arithmetic mean of the bubble-point and 
dew-point pressures corresponding to the desired condensing temperature (110 OF, 125 OF 
or 140 OF). 
To set the pressure in the test section, a flow through vessel, which contains a 
two-phase mix, is submerged in a tank of water at a controlled temperature. In order for 
the pressure regulating tank (PRT) to function properly, a two-phase refrigerant mix is 
required in the vessel at all times. 
Heat is provided to the 24-gal PRT, shown in Figure 4.4, by a 2-kW heater, which 
is controlled by a Capp Model 535 controller. The tank is insulated with fiberglass/wool 
insulation to reduce heat loss to the surroundings. The water in the tank is mixed by two 
submersible pumps which improve convection around both the heater and the refrigerant 
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Figure 4.4 Schematic of the pressure regulating tank. 
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vessel and keep the tank nearly isothermal. Heat is added to the PRT at a constant rate so 
that an equilibrium two-phase mix is preserved. 
Because the only temperature control of the tank is a heater, the refrigerant always 
enters the PRT slightly subcooled. If the refrigerant were to enter the PRT as a two-phase 
mix, it would have to be cooled in order to maintain the required pressure. Because two-
phase conditions can exist at the exit of the test section, a means for condensing and 
slightly subcooling the flow is needed. The required cooling is accomplished using an 
after-condensing tank, consisting of a 55-gal stainless steel drum filled with a propylene 
glycoVwater mixture cooled to about 55 OF by the laboratory chilled glycol line. After the 
two-phase refrigerant exits the test section, a bypass line diverts enough of the flow though 
a coil in the after-condensing tank so that when the two flows are re-joined the liquid is 
slightly subcooled. By controlling the amount of flow through the bypass, a slightly 
subcooled liquid is always delivered to the PRT. 
If the overall refrigerant charge is too low, there will not be enough liquid 
refrigerant in the PRT, thus reducing the retention time. When this occurs, the refrigerant 
never reaches an equilibrium condition within the tank and the pressure is difficult to 
control. If the loop is overcharged, the PRT fills with liquid, eliminating the two-phase 
condition within the PRT. The pressure then fluctuates without regard to the PRT 
temperature. In the ideal running condition, refrigerant enters the PRT slightly subcooled, 
has a long enough retention time to come to two-phase equilibrium, and exits as a saturated 
liquid at a temperature very near that of the PRT bath. Once the facility is charged 
properly, all of the data may be taken for that refrigerant-oil combination without adjusting 
the charge. 
The PRT works well·and is capable of controlling the system pressure to within 
1 psi. Additionally, the temperature and pressure at the outlet of the PRT have been 
observed to follow refrigerant saturation curves very closely, indicating that the tank is 
operating as designed. 
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4.2 Water Loop and Heat Rejection 
The water loop, included in Figure 4.1, provides the heat sink for the condensing 
refrigerant. Water flow is provided by a Teel gear pump, directly coupled to a variable 
speed I-hp DC motor controlled by a Multi-Drive DC motor controller which is regulated 
by a Capp Model 535 controller. Water is pumped from the bottom of an open reservoir, 
through a filter, a small heat exchanger, and into the shell side of the test section. Upon 
exiting the test section, a portion of the water is diverted and re-heated before passing 
through the tygon tubing wrapped around the EST. Once this flows re-joins the main flow, 
the water is cooled in the large heat exchanger to a value slightly below the reservoir 
temperature. Upon leaving the heat exchanger, the mass flow rate is measured, Before 
returning to the reservoir, the water passes through a 1.4-kW trim heater where it is heated 
to the desired reservoir temperature. 
Heat is transferred from the refrigerant to the water loop in the test section and from 
the water to the chilled glycol in the large heat exchanger. The rate of heat transfer in the 
test section is controlled by adjusting the inlet water temperature. The bigger the difference 
between the refrigerant and water inlet temperatures, the higher the rate of heat transfer. 
4.3 Test Section 
The test section, shown in Figure 4.5, is a counter-flow heat exchanger with 
refrigerant flowing through a 3/S-in. enhanced tube and water flowing through a liS-in. 
annulus. The copper tube is a 3/S in., Turbo A, microgrooved tube manufactured by 
Wolverine Tube, Inc. It has 60 internal, trapezoidal fins with a height of O.OOS in., a 
turning angle of ISO, and a 0.014 in. wall thickness. 
The 19-f1. polycarbonate housing is constructed from five sections; each section 
split into a top and bottom half. Each half is made from a I-in. by 2-in. by 4S-in. piece of 
polycarbonate with a 5/S-in. diameter semicircular groove milled along the 2-in. face. 
When two halves are joined together they form a liS-in. annulus around the tube, as shown 
in Figure 4.5. To allow thermocouple wires to be inserted into the annulus, small, shallow 
SO 
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Figure 4.5 Polycarbonate housing sections. 
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grooves are milled into the mating surface of the bottom half pieces of the polycarbonate. 
To prevent leakage, a gasket is placed between the two halves before they are clamped 
together. Five sections are bolted together lengthwise to form the complete test section. 
Refrigerant pressure and temperature measurements are made at the inlet and outlet 
of the test section. The water temperature is also measured at the test section inlet and 
outlet. The placement of thermocouples is shown in Figure 4.6. A differential temperature 
measurement is made between the inlet and the outlet water flows to determine heat transfer 
rates. To obtain local heat transfer data, nine differential water temperature measurements 
are made at 2-ft intervals, effectively splitting the 19.5-ft test section into nine smaller test 
sections. 
The temperature of the refrigerant tube wall is measured at the center of each of the 
2-ft test sections. Thermocouples are attached to the tube wall as shown in Figure 4.7. 
The standard method for making wall temperature measurements is to mill a small groove 
into the wall of the tube and imbed a thermocouple into the groove. However, the Turbo-A 
tube wall is too thin to be milled without compromising the integrity of the tube. Thin 
sheets of copper were therefore soldered to the tube to make external grooves for 
thermocouples as shown in the figure. The accuracy and wiring details of all temperature 
and pressure measurements are discussed in Sections 4.4.1 and 4.4.2. 
Early tests indicated that significant vertical stratification occurred in the temperature 
of the water flowing in the horizontal annulus. To minimize this undesirable thermal 
stratification a spiral annulus was created. The tube is wrapped with a lI8-in. wire in such 
a way as to form a helix with a pitch of 1 in., as shown in Figure 4.8. Hence, the wire 
forces the water to spiral around the tube. This reduces the thermal gradients in the water 
and lowers the water side heat transfer resistance. 
A blockage in the spiral annulus forces water from the test section every 2 ft so that 
an accurate bulk temperature measurement can be made. To minimize the length over 
which heat transfer is disturbed, the water is returned to the spiral annulus immediately 
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downstream of the blockage. The blockage and temperature measurement strategy are also 
shown in Figure 4.8. 
The test section is imbedded in Celotex fiberglass insulation to help minimize heat 
loss to the environment. Tests were perfonned with water flowing through both the tube 
and the annulus to detennine the water-side and conductive heat transfer resistance using a 
modified Wilson plot analysis. The data from these tests were also used to quantify the 
heat lost to the environment. This loss is taken into account in all calculations. The Wilson 
plot method is described in more detail in the data reduction section. 
4.4 Instrumentation 
Two temperature differences are important in the design of this experiment: (i) the 
difference between the inlet and outlet water temperatures and (ii) the difference between 
the local water and refrigerant temperatures. The difference between the inlet and outlet 
water temperatures is the basis for obtaining the heat transfer rate from the refrigerant, and 
the difference between the water and refrigerant temperatures is the driving potential used to 
determine the heat transfer coefficient. Both of these quantities must be large enough 
(greater than roughly 1°F) that experimental uncertainty does not swamp the measurement. 
For a given set of test conditions (involving the refrigerant mass flow rate, the refrigerant 
properties and the inlet and outlet qualities), the heat transfer rate over the entire length of 
the test section is fixed. This heat transfer rate must also equal the mass flow rate of the 
water times the enthalpy change of the water across the test section. Thus, a low water 
mass flow rate requires a large difference between the water inlet and outlet temperatures. 
Although this is a desirable effect in itself, a problem arises in that the driving potential may 
become vanishingly small as the water approaches the condensation temperature of the 
refrigerant in the test section. Conversely, a high water mass flow rate maintains a larger 
driving potential in the test section, but produces vanishingly small changes between the 
inlet and outlet water temperatures. 
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An additional consideration is that the refrigerant condensation temperature is not 
measured directly but rather is inferred from the saturation pressure. Accuracy in this 
determination requires not only highly accurate pressure measurements but also an accurate 
representation of the saturation relationship. 
Because small errors in temperature or pressure can cause potentially large errors in 
the calculated heat transfer coefficient, extreme care must be taken in selecting and 
calibrating all instrumentation. 
4.4.1 Temperature Measurement System 
The method for making temperature measurements is shown in Figure 4.9. 
Because the PRT offers a well mixed, nearly isothermal environment, it was chosen as the 
reference for all thermocouple measurements. An ASTM-certified, mercury-and-glass 
thermometer with an accuracy of better than 0.1 of is used to measure this temperature. 
Four types of temperatures are made: (i) water temperature measurements along the 
length of the test section, (ii) refrigerant temperature measurements at the inlet and outlet of 
the test section, (iii) tube wall temperature measurements within the test section and 
(iv) other temperature measurements required to monitor and control system operation. 
Except for the PRT temperature, which is measured using a liquid-in-glass thermometer as 
noted above, all temperatures are measured using Type-T (copper-constantan) 
thermocouples having special limits of error. 
Two thermocouple junctions are required for each temperature: (i) a measurement 
junction and (ii) a reference junction. When absolute temperature is desired, the reference 
junction is placed in the PRT. Differential temperature measurements are made by placing 
one thermocouple at each of the two defining locations. Each thermocouple pair is then 
wired to an insulated zone box as shown in Figure 4.9. The insulated zone box provides a 
nearly isothermal environment for all connections, and thus minimizes errors associated 
with joining two separate thermocouples together. 
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When an absolute temperature is desired, the voltage difference of the thermocouple 
pair is added to the emf corresponding to the PRT temperature as measured with the liquid-
in-glass thermometer, and the sum converted to absolute temperature. This approach 
provides greater accuracy than is possible using the room-temperature reference junction 
commonly built into many data-acquisition systems. When a differential temperature is of 
interest, it is flrst necessary to determine the absolute temperature of one of the junctions 
which then becomes the reference junction for that pair. The accuracy here is not as critical 
as in the case of the absolute temperature measurements, because the sensitivity of the 
differential measurement depends only weakly on the absolute temperature of the reference. 
Differential and absolute temperature measurements are configured so as to 
maximize overall accuracy. 
Two Type-T thermocouples are used to make each water temperature measurement. 
One is immersed in the PRT, where the reference thermistor and glass-bulb thermometer 
are located, and wired to an insulated zone box. The second thermocouple connects the 
zone box to the point of interest. In the zone box, the two thermocouples are connected as 
shown in Figure 4.9. The voltage difference produced by the each thermocouple pair is 
measured by the data acquisition system. The temperature difference between the point of 
interest and the PRT is then calculated from the voltage difference and the PRT 
temperature. By combining the temperature difference and the PRT temperature, this 
differential wiring scheme results in "absolute" temperature measurements. In this way, 
the thermocouples measure only the temperature difference between a well known reference 
(the PRT) and the point of interest, resulting in a more accurate measurement than relying 
on a single thermocouple and the room temperature, "isothermal board" associated with 
many data acquisition systems. 
When a temperature difference is of interest (without regard for the absolute 
temperature), a differential scheme similar to the one described above is used. Only in this 
case, the "reference" temperature is the temperature from which the deviation is to be 
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based. If two absolute measurements are made and the difference calculated, the error from 
both measurements affects the temperature difference. By using a differential 
measurement, the error from only one thermocouple affects the measured value. 
To minimize the error resulting from inconsistencies in alloy composition between a 
pair of Type-T wires, all thermocouple pairs are from the same spool of special limits of 
error thermocouple wire. However, due to electrical noise in the laboratory, slight 
inconsistencies are unavoidable. From calibration results, the error due to the 
thermocouples is estimated at 0.5 oF. 
All thermocouple pairs were calibrated by placing the wires in two isothermal baths. 
The temperature of the baths were measured using an ASTM certified mercury-and-glass 
thermometer. The data from this calibration were compared with the NIST Type-T 
thermocouple calibration. All pairs were found to be within 0.5 OF of the NIST curve. 
4.4.2 Pressure Measurement System 
Pressure measurements serve three purposes: i) the pressures at the inlet and the 
outlet of the test section are used to infer the refrigerant temperature, ii) the temperature and 
pressure measurements are used to calculate the refrigerant enthalpy at the inlet to the EST, 
and iii) the pressure difference across the test section is used to gather information about the 
pressure drop penalty associated with oil and the enhanced tube. 
All transducers involved in this study were manufactured by Sensotec. Their 
specifications are listed Table 4.2 The pressure measurement scheme is shown in Figure 
4.10. The two absolute transducers measure the pressure at the EST inlet and are 
redundant. The differential transducers are connected to this location and to the inlet or 
outlet of the test section via l/8-in. flexible copper tubing. The pressure taps at either end 
of the tests section are unobtrusive 0.0l5-in. diameter holes. To prevent oil from migrating 
to and clogging the pressure transducers, each flexible copper line is wrapped with a 40-W 
heater near the pressure tap, which maintain a vapor barrier in the pressure line. 
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Figure 4.10 Schematic showing pressure transducer locations. 
Table 4.2 Pressure Transducer Information 
Sensotec Model 
number Location Range Accuracy 
TJEAP122CD inlet enthalpy tank 0- 500 psia ± 0.5 psi 
TJEAP122CD inlet enthalpy tank 0- 500 psia ± 0.5 psi 
TJEAP122CT inlet enthalpy tank 0-750 psia ± 0.75 psi 
TJEAP122CT inlet enthalpy tank 0-750 psia ± 0.75 psi 
ZAD122BN inlet enthalpy tank! 0- 50 psid ± 0.125 psi 
outlet test section 
ZAD122BN inlet enthalpy tank! 0- 50 psid ± 0.125 psi 
inlet test section 
To be absolutely confidant in the accuracy of the pressure transducers, they were 
calibrated using a dead-weight pressure calibration device. A comparison of the calibration 
data and the factory calibration can be seen in Figures 4.11 and 4.12. The errors are all 
within the manufacturers stated tolerance. 
4.4.3 Power Measurement System 
Because the enthalpy of the refrigerant at the inlet of the Test Section is determined 
from (i) the enthalpy of the subcooled liquid entering the tank and (ii) the rate of power 
addition to the refrigerant in the tank, accuracy in measuring the power to the heaters in the 
EST of better than 0.25 % is required. Achieving such accuracy is difficult owing to the 
on-off switching associated with the time-proportional control of the heater power. Even 
though zero-crossing relays are used, the periodic switching produces complex voltage and 
current waveforms. A method is thus needed that can average out the effects of the time-
proportional control without loosing the essential transient characteristics of the power 
input. 
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The system shown in Figures 4.13 and 4.14 was developed to meet the needs of 
this project. The system consists of a high-voltage analog side and a low-voltage digital 
side. On the high-voltage analog side, the current delivered to the heaters is passed through 
a low-inductance, high-stability current shunt with a resistance of 0.005 Q. The shunt 
voltage is then fed to an high performance, non-inverting isolation amplifier with a gain of 
approximately Sleading to an instantaneous output voltage in the range of approximately 0 
to 2 V. The actual gain was carefully calibrated using a precision AC source and the exact 
value built into the data analysis. The results of this calibration are shown in Figure 4.15. 
These results show that this amplifier is linear to better than 0.05 % over the range 
employed in our circuit. Moreover, the results were found to be independent of frequency 
over the range of I Hz to 10 kHz. Likewise, the voltage delivered to the heaters was input 
to an inverting operational amplifier with a gain of approximately 0.006 thus mapping the 0 
to 400 V instantaneous input voltage into an output signal in the 0 to 2.5 V range. Once. 
again, the exact gain of this amplifier was determined by calibration against a precision AC 
source. The results of this calibration are shown in Figure 4.16. As before, the linearity 
and frequency independence of the amplifier was found to be excellent. Moreover, the 
amplifier was found to be extremely stable despite the low gain. Both circuits utilize 
Analog Devices AD210BN isolation amplifiers and precision metal-film resisters with 
temperature coefficients of resisti vity guaranteed to be better than SO ppm;oc' 
The current shunt and isolation amplifiers are all housed in a shielded, high-voltage 
enclosure to reduce noise in both the high-voltage and low-voltage circuits. The low-
voltage outputs of the two isolation amplifiers are carried from the enclosure on 
individually shielded, twisted-pair wires. The digital circuitry is housed in a separate 
shielded enclosure. The amplifier outputs are input to an Innovative Devices DSP .... ll B. 
The DSP-ll B consisls of two 16-bit analog-lo-digital converlers with sampling rates of 
12,000 s·l. The digital outputs are then fed into an Analog Devices ADSP-2101 Digilal 
Signal Processing CDSP) Integrated Circuit. The DSP mUltiplies the two 16-bil digital 
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0.5 
500 
signals together in a pipeline manner such that one result is generated for each clock cycle. 
This digital product then flows from the DSP-IIB into an Intel 80C51 microprocessor that 
(a) averages the voltage, current and power signals, (b) provides interactive 
communication via a serial port and (c) drives four digital-to-analog converters that produce 
analog output signals corresponding to a 3-s average power, a 15-s average power, a 15-s 
average voltage and a 15-s average current as shown in Figure 4.15. The 3-s average 
power output is fed back to the heater controller and thus determines the duty cycle of the 
heaters via the internal PID algorithm of the controller. A 3-s average represents a suitable 
compromise between the period of the controller (about 1 s) and the time scale of system 
transients. The 15-s averages are used for recording power levels since 15 s is the 
sampling period of the datalogger. 
This system offers two advantages over traditional power transducers. First, a 
current shunt is used instead of a current transformer or Hall-effect device. Current 
transformers suffer from both frequency response problems (most are typically tuned for 
60 Hz) and from problems associated with correctly positioning the transformer around the 
current-carrying conduit. Hall-effect devices can suffer from the second problem. A high-
stability, low-inductance shunt provides a very accurate and direct method for converting a 
high current into a usable voltage. Second, the determination of power from current and 
voltage is done by digitally multiplying the two instantaneous signals together rather than 
using analog multiplication or other means. Digital multiplication is far more accurate, 
although a significant potential problem in this regard must be addressed. The sampling of 
the voltage and current waveforms must be synchronized so that one of the samples is as 
close to the peak value as possible. If the peak values are "missed", then power will be 
systematically underestimated. This problem was overcome using a software analog to a 
digital phase-locked loop circuit to trigger the analog-to-digital converters so as to ensure 
that a sample is taken at the peak. 
97 
4.4.4 PhotogT'Why 
In order to document the inlet and outlet conditions of each test and observe flow 
regimes, photographs were taken at the inlet and outlet sight glasses. The photographic 
equipment and sight glasses are shown in Figure 4.17. 
As mentioned earlier, the sight glasses are 1/2 in. glass tubes. The glass tubes are 
held in place by brass Gyroloc fittings with Teflon ferrules and surrounded by a 
polycarbonate housing to provide safety against breakage while still allowing the sight 
glass to be viewed. 
In order to take a clear photograph of such an object, a limited depth of field and a 
small field of view must be used. This will allow high resolution of the fluid inside of the 
sight glass. Also in order to stop the flow action, a high speed flash, a fast shutter speed, 
and high speed film was used. 
Olympus OM-2 cameras with Vivitar 36 rnrn extension tubes are used for both sight 
glasses. An Olympus Zuiko Auto-Macro 50mm F2lens is used with one camera while an 
Olympus Zuiko Auto-Macro 50mm F4 lens is used with the other. The two different 
lenses were purchased to offer some versatility in the equipment. Both cameras are 
mounted on Olympus focusing rails and focusing stages as shown in the figure. The 
depths of fields on the lenses are set to infinity, and the cameras are focused using the 
focusing rails and stages. The shutter speeds are set to one sixtieth of a second. 
An Olympus T-8 ring flash and an Olympus T power controller provide high speed 
flash. The high speed flash along with the fast shutter speed stops the flow action of the 
fluid. The T-8 ring flash is used because it provides a very diffuse light. With a focal 
length of only a couple of inches, any bright spots would obscure the photographs, so 
diffuse lightis a necessity. Even with the use of the ring flash, a fabric diffusing screen is 
needed to provide sufficiently diffuse light. 
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Kodak 400 speed, black and white film is used with this photographic equipment. 
It can be seen by viewing the photographs in the results section that this equipment was 
capable of taking very clear pictures of the refrigerant flow. 
4.4.5 Data Acquisition 
A Fluke 22S0A Datalogger is used to record and display the measured parameters. 
Isothermal input connectors and thermocouple/DC voltage scanners are used to measure 
voltages. A current input connector and a thermocouple/DC voltage scanner is used to 
make DC current measurements. Both voltage and current measurements utilize a high 
performance AID converter. Table 4.3 shows the accuracy of these measurements and their 
ranges. 
Table 4.3 Fluke 22S0A Datalogger Specifications 
Measurement Range Absolute Accuracy Relative Accuracy 
Voltage ±64mV O.OOS mV 0.01 % 
Voltage ±512mV 0.040mV 0.01 % 
Voltage ±SV O.SOOmV 0.01 % 
Voltage ±64V 4.0mV 0.02% 
Current ±64mA 0.004mA 0.25 % 
The data were saved on the hard drive of a Macintosh computer as they were 
obtained. Later, the data were moved to a Sun workstation environment to be averaged and 
reduced as explained in a later chapter. To ensure that they are not lost, data sets are stored 
on the Macintosh hard drive, the Sun workstation, and floppy disks. 
Additional data that is not saved by the datalogger is recorded manually. The date, 
refrigerant composition, oil concentration, the set points to all controllers, the calibration 
constants for the pressure transducers for each test, and the glass bulb measurement of the 
PRT are all recorded by the system operator. Because some transducers and equipment 
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had to be replaced during the course of testing, the extra data helped ensure that the various 
data sets were reduced with appropriate constants. The extra data are initially archived on 
the mainframe in spreadsheet fonn. During the data reduction process, the extra data are 
incorporated with the values recorded by the datalogger so that all of the data for any given 
test is saved in one file. 
4.5 Energy Balance 
The proof of how well the test section and instrumentation is working is to check 
the energy balance between the condensing refrigerant and the water flowing through the 
annulus. Because well known refrigerant properties are essential for this, only R22, 
R134a, and R502 were used when calculating the energy balance. Also, because the 
enthalpy of a two-phase flow cannot be calculated based on temperature and pressure 
measurements alone, only those cases having single-phase, oil free refrigerant at the inlet 
and outlet of the test section (vapor and liquid, respectively) can be used in an energy 
balance calculation. The results of this comparison is shown in Figure 4.18, with the 
average absolute difference in heat transfer between the water and refrigerant side being 
2.7% 
4.6 Composition Analysis 
For all of the tests, the accurate determination of the composition of the blended 
refrigerants and the overall oil concentration is extremely important. Refrigerant samples 
are analyzed at regular intervals, ensuring that time is not spent testing a bad refrigerant 
mixture or an undesired oil concentration. Techniques for withdrawing a representative 
sample, detennining the chemical composition of the refrigerant, and measuring the oil 
concentration were developed. 
4.6.1 Sampling Section 
To determine the refrigerant composition and oil concentration, a representative 
liquid sample is removed from the loop. If, during the sampling process, fractional 
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Figure 4.18 Energy balances for R22, R134a, and RS02 
distillation occurs, a sample may be analyzed which is not representative of the sample that 
was withdrawn, resulting in erroneous measurements. Because it is necessary to withdraw 
a liquid sample, the sampling section is located down stream of the pumps, where the 
refrigerant is a subcooled liquid. 
To ensure that the refrigerant removed from the loop is representative of the 
circulating fluid, the apparatus in Figure 4.19 is used to obtain samples. Because it is 
undesirable to have a data run interrupted to withdraw a sample, the sampling section 
diverts the refrigerant flow into two identical paths. When the valves in one pathway are 
closed, a liquid sample is trapped between the middle two valves, without disturbing the 
data taking process. The section can then be removed and the sample analyzed. After the 
analysis is finished, the section is reconnected to the refrigerant loop and evacuated before 
flow is restored through the pathway. 
4.6.2 Refri~erant Composition Analysis 
As mentioned previously, it is desired that the refrigerant composition be monitored 
while data are being taken. After a liquid sample is trapped, it is flashed into an evacuated 
150-mL cylinder. The resulting vapor is bled into a Perkin Elmer AutoSystem gas 
chromatograph for analysis. Details of the method used can be seen in Table 4.1 and is 
described further in the experimental procedure chapter. 
4.6.3 Oil Concentration Measurement 
The largest problem encountered while developing an efficient oil concentration 
measurement technique was how to separate the oil from the refrigerant. Although 
ASHRAE Standard 41.4 - 1984 accomplishes this, the complete separation has been found 
to take on the·orderof.24 hours (Meyer and Jabardo, 1994).· Owing to the extremely large 
number of samples which needed to be analyzed, a much quicker technique was developed. 
After a sample is trapped for the purpose of determining oil concentration, the sampling 
section is connected to a seven stage cascade impactor as shown in Figure 4.20. An 
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exploded view of the impactor is shown in Figure 4.21. Each of the seven levels has a 
stage that holds a glass fiber filter. Beneath each stage is a small orifice that the refrigerant 
vapor escapes through to get to the next level. As a sample is flashed, tiny oil drops are 
entrained in the high speed refrigerant vapor, and are deposited on the filters and on the 
walls of the impactor. In this manner the oil is separated from the refrigerant in 15 to 20 
seconds. The contaminated filters are then used to wipe the oil from the inside surface of 
the impactor. 
Two methods were developed to determine the mass of oil on the filters. In the first 
technique, the oil soaked filters are inserted into a modified injector of a Perkin Elmer 
Sigma 100 gas chromatograph. A calibration curve is used to calculate the mass of oil in a 
sample from the integrated area of the chromatogram. From the mass of oil and the overall 
sample mass, the percentage of oil is calculated. In most cases, due to the length of time 
necessary for the gas chromatograph runs, the oil concentration is determined in two to 
three hours. The second technique for measuring the oil concentration was made possible 
by the purchase of an analytical balance. The balance can accurately measure the difference 
in mass of a filter before and after being exposed to oil. The mass of an individual filter is 
about 34 mg clean and between 34 and 80 mg with oil. With the balance technique the oil 
concentration can be detennined in less than 30 minutes. 
These two methods for analyzing oil concentration have many advantages when 
compared with other techniques. The ASHRAE standard (41.1-1984) method for 
determining oil concentration is to discharge a refrigerant/oil mixture from the loop and into 
an evacuated cylinder. The refrigerant is then allowed to escape slowly through a capillary 
tube over several hours. The cylinder is then evacuated and the vacuum held for several 
hours to remove any refrigerant that has dissolved into the oil. The mass of residual oil is 
calculated by subtracting the mass of the evacuated, empty cylinder from the mass of the 
evacuated cylinder with oil. This ASHRAE method usually takes about 24 hours to 
complete and requires a significant amount of refrigerant. In contrast, the analytical balance 
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method described above takes about 30 minutes to perform and requires the removal of 
only 8 to 10 grams of refrigerant 
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Chapter 5 
Capillary Tube Study Experimental Facility 
This chapter describes the apparatus used to obtain capillary tube data for this 
study. The facility, shown in Figure 5.1, allows data to be obtained in a unique and 
informative way. Because of the high pressure drop associated with flow through a 
capillary tube, using a positive displacement pump to achieve the desired mass flow rates is 
impossible. Other facilities designed to obtain refrigerant flow data through capillary tubes 
have utilized either a "blow-down" system or a compressor to achieve the desired flow 
conditions. Each of these systems has drawbacks which have been avoided with the 
current design. 
With a "blow-down" system is used, the pressure difference across the capillary 
tube is maintained by placing the refrigerant source cylinder in a hot bath and the receiving 
cylinder in a very cold bath. After all of the refrigerant has passed through the capillary 
tube, data acquisition must stop while steps are taken to pump the refrigerant back into the 
source cylinder. If a compressor is used to supply the desired flow rate, an oil separator 
must be installed if "pure" refrigerant data is of interest. However, oil separators cannot 
remove all of the oil from the circulating refrigerant. Both of these potential problems have 
been avoided with the current facility. 
The facility consists of two separate loops: i) the refrigerant test loop and ii) that of 
a 5-hp R-502 condensing unit that provides the necessary cooling. Four heat exchangers, 
each with its own R-502 expansion valve to control capacity, are used to remove heat from 
the system. 
5.1 Refrigerant Loop 
Because long runs of oil-free refrigerant are desired, using the blow-down 
technique or a compressor to achieve the desired refrigerant flow rates was deemed 
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Gear Pump 
unacceptable. A diaphragm pump. capable of producing a 1000 psi pressure increase, was 
selected as a viable option. Although the pump created a few complications, the loop was 
modified to accommodate it. 
5.1.1 Overview 
The diaphragm pump, which requires subcooled liquid at its inlet. is very oversized 
for this application. Therefore, most of the flow exiting the pump is routed through a 
bypass line. To ensure that subcooling is maintained in the bypass line, a heat exchanger 
cools the flow before it is delivered back to the pump's inlet line. The flow that is directed 
towards the test section is circulated first through the pressure setting tank (pRT), setting 
the high-side, or "condensing," pressure. Saturated liquid is removed from the bottom of 
the PRT and flows through a sub-cooling heat exchanger. The mass flow rate is then 
measured with a Coriolis effect mass flow meter before the refrigerant is heated to the 
temperature that will define. along with the pressure, the amount of subcooling at the 
capillary tube inlet. Upon exiting the capillary tube. the flow is condensed in a large, 
R-502 cooled heat exchanger. The resulting subcooled liquid then joins with the refrigerant 
from the bypass line and flows back into the diaphragm pump. For flow observations, 
sight glasses are located at the inlet and outlet of the test section. and at the inlet of the 
diaphragm pump. 
5.1.2 Control ofRefri~erant Flow Parameters 
When the diaphragm pump was first installed in the loop, use of the bypass valve 
alone (without the PRT) was used to set the inlet pressure. Simply adjusting the bypass 
valve changed the inlet pressure. It was quickly discovered. however, that due to the 
pulsations created by the, pump. having single phase liquid between the pump outlet and the 
test section resulted in very large (40-50 psi). high frequency pressure oscillations. To 
overcome this problem, a two-phase mix is created as the refrigerant passes through a 
warm, well mixed, thermally controlled. ethylene-glycol tank which is located just down 
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stream of the pump. As the refrigerant flows through a coil in the bath, it is heated to a 
two-phase mix before ending up in a submerged reservoir. The reservoir, by holding a 
two phase mix, totally dampens the pressure oscillations and sets the high-side system 
pressure. A vertical sight glass mounted outside the tank enables the liquid level within the 
reservoir to be monitored. The tank temperature is maintained with a 2-kW heater 
connected to a Capp Model 535 controller. 
After the saturated liquid from the PRT is subcooled in an R-502 cooled heat 
exchanger, it passes through a Micro Motion Model DS012S 100 mass flow meter. The 
specifications of this meter are identical to that shown in Table 4.1. At the flow meter, the 
refrigerant is often 50 OP to 130 OF subcooled. 
To set the appropriate amount of subcooling at the capillary tube inlet, another well 
mixed, temperature controlled, ethylene-glycol filled tank is used. A pump submersed in 
the tank is used to circulate warm ethylene glycol through the subcool setting heat 
exchanger, which is so oversized that the refrigerant exits at very nearly the tank 
temperature. Thus, by setting the temperature of the PRT and the subcool setting tank 
(SST), the inlet pressure and temperature, and thus the amount of subcooling, is 
controlled. The SST temperature is also maintained with a 2-kW heater connected to a 
Capp Model 535 controller. 
After exiting the capillary tube, a large, R-502 cooled heat exchanger condenses the 
two-phase flow so that it once again may be pumped. Because this condenser is extremely 
cold (down to -40 OF), some trouble was experienced maintaining a high enough pressure 
at the inlet to the pump. Also, if the condenser starts to fill with liquid, the exit pressure 
climbs to unacceptable levels. A small gear pump was therefore installed after the 
condenser to help keep it as empty as possible and to provide a higher pressure at the inlet 
of the pump. To verify that subcooled liquid was reaching the pump, a sight glass is 
located just downstream of the point where the bypass line and the condensed flow merge. 
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5.1.3 Test Section 
Owing to the fact that different capillary tubes were to be tested, ball valves and 
charging ports are located just up and down stream of the test section. These valves allow 
a new capillary tube to be installed without discharging the system. Before entering, and 
after exiting the capillary tube, the pressure and temperature of the refrigerant is measured. 
The inner diameters and lengths of the three test sections used in this study are 
shown in Table 5.1 They are all copper tubes manufactured by Wolverine Tube, Inc. 
Great care was taken when cutting the tubes to ensure that the openings were not affected 
by the cutting process. The tubes were fIrst etched, with the comer of a fIle, around the 
entire circumference. They were then gently bent back and forth until they separated into 
two pieces. This technique was used for all tubes, including the ones used in the nitrogen 
and water flow tests. 
Table 5. I Capillary Tube Dimensions 
Tube number Inner Diameter (in.) Length (in.) 
1 .03920 46.0 
2 .04202 46.0 
3 .04915 46.0 
Connecting a capillary tube to the l/4-in. tubing of the test facility was 
accomplished with 1/2-in. long brass cylinders machined so that the capillary tubes fIt in 
one side and l/4-in. tubing fIt in the other. The tubes were then brazed in place. The inlet 
and outlet connections are shown in Figure 5.2. Because the pressure drop of liquid flow 
is much lower than that of a two-phase flow, the inlet pressure is measured upstream of the 
test section connections and the exit pressure is measured in the connector, very close to the 
actual exit. The test section terminates with 1/4-in. male flare fIttings. Female flare fittings 
are located at the points where the facility connects with the test section. With ball valves to 
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Figure 5.2 Capillary tube inlet and outlet connections. 
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isolate the test section and the simplicity of the test section connections, a new capillary 
tube can be completely installed in less than 1 hr. 
No thermocouples are mounted on the test section due to the effect they have on the 
refrigerant mass flow rate. For similar reasons, no pressure taps are introduced through 
the capillary tube wall. Melo, et al. (1995) found that introducing pressure taps along the 
capillary tube wall reduced the mass flow rate by about 6%. Making pressure and 
temperature measurements along the capillary tube and and their possible effects on the 
mass flow rate are discussed further in the results section. 
5.2 Instrumentation 
Compared to the condensation facility, the capillary tube data acquisition system 
records very few measurements. When analyzing the data, for example, the refrigerant 
mass flow rate and the inlet pressure and temperature are the only flow measurements of 
interest. 
5.2.1 Temperature and Pressure Measurement 
Because of the need for high quality data, all temperature measurements are made 
with Type-T thermocouples constructed from special limits of error wire. The 
thermocouples are connected to an isothermal board that is part of a Campbell Scientific 
data acquisition system. All thermocouples were calibrated while attached to the data 
acquisition system so as to include any uncertainties resulting from converting the voltage 
signal to a temperature. For the calibration procedure, the thermocouples were placed in an 
isothermal calibration bath along with an ASTM-grade, NIST-traceable, mercury-glass 
thermometer. The deviations between the thermocouple reading and that of the glass 
thermometer were used to calculate the uncertainty. The thermocouples were found to be 
accurate to within ±OA OF with 95% confidence. 
The inlet and outlet pressures are measured with a Setra Model C280E 0-500 Psia 
(0.11 % full scale accuracy) and a Setra Model 206 0-250 Psig (0.13% full scale accuracy) 
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pressure transducer, respectively. Calibration curves for these transducers can be seen in 
Figure 5.3 and 5.4. Analysis of this data gives the experimentally determined uncertainties 
to be ±D.42 psi and ±D.4D psi, based on a 95% confidence interval, for the inlet and outlet 
transducers, respectively. 
5.2.2 Data Acquisition System 
A Campbell Scientific Mode121X Micrologger interfaced to an IBM PC is used to 
collect data. A schematic of the data acquisition system is shown in Figure 5.5. The 
datalogger, shown in the middle of the figure, has only eight terminals for receiving 
information. Because many temperature measurements are made, a Campbell Scientific 
Model AM 416 Multiplexer is used to scan the thermocouple signals. As shown in the 
figure, only the mass flow meter, the pressure transducers, and two channels from the 
multiplexer are connected to the datalogger. Each scan of the datalogger consists of 
receiving and manipulating signals from the mass flow meter, the pressure transducers, and 
all of the thermocouples connected to the multiplexer. These scans are averaged over a 
minute and saved in the datalogger memory. On a given command, the data is transferred 
to the hard drive. 
5.3 Composition Analysis 
To determine the composition of a blended refrigerant, the same techniques and gas 
chromatograph that are used in the condensation study is used. 
5.4 Nitrogen Flow Facility 
Before analyzing the data, it was necessary to determine the wall roughnesses of the 
tubes. A separate experimental test facility, which uses nitrogen as the flow fluid, is used 
to obtain the high Reynolds number flow data required to determine tube roughness. 
Friction factor, and thus tube roughness, along with entrance loss values were calculated 
from the data gathered. 
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There are several reasons for using nitrogen as the working fluid. Because it is 
chemically inert, nitrogen is noncorrosive with regard to the copper capillary tubes and test 
facility components. It is also inexpensive, readily available, and easily handled. Nitrogen 
may be safely discharged into the laboratory atmosphere, provided that adequate ventilation 
exists. Finally, the thermodynamic and transport properties of nitrogen are well defined, 
which is an important feature for data analysis. 
Figure 5.6 is a schematic representation of the test facility, hereafter referred to as 
the Nitrogen Test Facility (NTF). Nitrogen is delivered at a very high pressure from a tank 
containing the gas in compressed form. Attached to the tank is a pressure regulator which 
is used to set and maintain a steady supply pressure. After exiting the pressure regulator, 
the mass flow rate is measured with a Micro Motion model DS006S100SU mass flow 
meter. Next, the nitrogen flows through a tempering coil, which is designed to bring the 
nitrogen temperature into equilibrium with the atmospheric temperature. The flow proceeds 
through the transition section, where the gauge pressure and the temperature are measured. 
Finally, the nitrogen enters the capillary tube, which is thermally insulated to ensure an 
adiabatic flow. At the exit of the test section, the nitrogen is discharged into the 
atmosphere. 
The components of the NTF are connected by 1/4-in. copper tubing. Permanent 
joints are soldered, whereas others are connected by compression fittings to allow easy 
removal. The components of the NTF measure and maintain the desired flow conditions 
for a given capillary tube. In the paragraphs that follow, the components are described in 
more detail. 
The Micro Motion flow meter is advantageous because it measures and displays the 
mass flow rate directly, withoutthe,need for a conversion factor or a data acquisition 
system. In addition, the measurement is unaffected by changes in fluid temperature, 
viscosity, conductivity, or flow profile. The flow meter, which has a range of 0-0.05 
kg/min, is accurate to within 0.5% when operating above 20% of the maximum flow rate. 
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Figure 5.6 Schematic of the nitrogen flow facility. 
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The mass flow rates measured while obtaining data ranged from 0.0078 to 0.0370 kg/min, 
corresponding to 16% and 74% of the maximum flow rate, respectively. 
The tempering coil is necessary because of the cooling associated with the throttling 
process at the exit of the supply tank. For all cases, the coil brings the nitrogen temperature 
into equilibrium with the temperature of the laboratory. As a result, the potential for heat 
transfer between the test section and its surroundings is minimized. The coil is comprised 
of 37 windings, each having a diameter of 4 in. With a copper tube diameter of 1/4 in., the 
coil offers approximately 365 sq. in. of heat exchange area. 
By manually adjusting the pressure regulator, the pressure at the inlet of the test 
section is set to a desired value in the range of 0-60 psig. Although the depletion of 
nitrogen in the tank is a transient process, the flow in the nitrogen line is steady because the 
regulator maintains a constant pressure at its outlet. 
So that the pressure and temperature of the nitrogen flow can be measured, the 
transition section is instrumented with a pressure tap and a Type-T thermocouple probe. A 
"Pete's Plug", which is nothing more than a tube cap containing a septum with a very small 
cross cut into it, is used to connect capillary tubes to the transition section. For a given 
test, the appropriate capillary tube is simply inserted through the septum, which creates an 
air tight seal around the tube. When the test is finished, the tube is withdrawn and another 
is inserted. 
The nitrogen pressure at the inlet of the test section is measured using an Ashcroft 
analog gage, with a range of 0-60 psig and a reported accuracy of 0.25% of the span. The 
gauges were calibrated with a deadweight tester to validate the stated accuracies. The 
nitrogen temperature at the inlet of the test section is measured using an Omega 
thermocouple probe, which is inserted into the temperature tap in the transition section. A 
Thermo Electric thermometer measures the output of the thermocouple and provides a 
digital display of the temperature. The thermometer has a range of 77-672 K and an 
accuracy of 0.07% of the span. 
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At the exit of the test section, the nitrogen discharges freely into the atmosphere. 
Accordingly, the exit pressure is assumed to be equal to atmospheric pressure. A Nova 
barometer, fastened to a wall in the laboratory, is used to measure atmospheric pressure. 
Nitrogen flow data were obtained for three lengths of each of the tube diameters 
used in the capillary tube studies. After a tube was inserted into the Pete's Plug, the inlet 
pressure was increased to about 60 psig. The nitrogen mass flow rate, inlet pressure, 
outlet pressure, and inlet temperature were then recorded. The inlet pressure was then 
reduced and new data recorded. This was repeated 10-15 times for each tube. By 
analyzing the data for the various tube lengths, an estimate of the entrance loss as a function 
of Reynolds number was obtained for each tube. 
5.5 Water Flow Facility (a.k.a. The Monkey Rig) 
Because the mass flow rate of laminar nitrogen flow through a capillary tube is 
below the useful range of the Micro Motion mass flow meter, a separate experimental 
facility was designed and constructed to investigate the laminar flow characteristics of the 
capillary tubes. Using water as the flow fluid, accurate values of laminar flow parameters 
allowed us to determine the capillary tube diameters. The same transition section and 
capillary tubes were used in the water flow studies as in the nitrogen flow studies. 
The facility, which is shown in Figure 5.7, relies on gravitational head pressure to 
supply the various laminar flow conditions. The pressure that drives the water flow 
corresponds to the height at which the source tank is suspended. Water is drained from the 
bottom of the source tank, flows through a 3/8-in. ID tygon tube, and into the transition 
section. To keep the water level in the source tank constant, a pump, which is submersed 
in a water reservoir, continuously adds water to the tank. A drainage hole is cut in the side 
of the bucket so that excess water can return to the reservoir, thus maintaining a constant 
pressure at the inlet of the capillary tube. In total then, there are three tubes that have water 
flowing through them: i) from the source tank to the capillary tube, ii) from the reservoir to 
the source tank, and iii) overflow from the source tank returning to the reservoir. 
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Figure 5.7 Schematic oflhe water flow facility. 
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To measure the inlet pressure, a lI8-in. ID tygon tube is connected to the pressure 
tap and attached to the side of the source tank. The inlet pressure is determined by 
measuring the height of the column of water supported by the inlet flow. The water 
temperature is measured with a mercury-glass thermometer immersed in the source tank:. 
To determine the mass of water that has passed through the capillary tube, the water exiting 
the capillary tube is captured in a small bucket on a scale. By measuring the mass of water 
that has passed through the capillary tube and the time elapsed, the mass flow rate is 
calculated. 
Data were taken at five different inlet pressures, all of which resulted in laminar 
flows with Reynolds numbers ranging from 200 to 2100. 
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Chapter 6 
Condensation Experimental Procedure 
This chapter describes the techniques used to: i) verify that the test stand is leak 
free, ii) discharge and charge the facility, iii) obtain condensation data, iv) measure the 
circulating oil concentration, and v) define performance characteristics of the tests section. 
Also, the overall data matrix will be outlined. 
6.1 System Preparation 
Due to environmental concerns and possible fractional distillation of refrigerant 
mixtures, every effort is made to ensure that the test facility is leak free before it is charged 
with refrigerant. This is accomplished after the loop was constructed and again after any 
modifications are made. Once the loop is verified as being leak free, it is charged with the 
desired refrigerant. Great care is taken to avoid allowing air into the test stand. 
6.1.1 Loqp Construction 
In the original loop construction, all permanent copper fitting were joined with a 
15 % silver brazing compound. While brazing, a continuous flow of nitrogen was 
maintained through the heated area to minimize oxidation on the inside surface of the tube. 
Where the removal of a section might later be required, connections were preferentially 
made with compression fittings. When NPT fittings were the only option, a small amount 
of refrigerant-safe epoxy was used to ensure a leak-free connection. A leak has never been 
discovered in a brazed or epoxied joint. 
6.1.2 Leak Testing 
As mentioned, it is imperative that the facility be leak free. To check for leaks, the 
loop is charged to 300 psia with nitrogen. The presence of relatively large leaks are 
indicated by a noticeable drop in pressure over a matter of minutes. The large leaks were 
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then located by coating suspicious joints with a soapy solution. In virtually every case the 
problem was traced to a compression fitting. Simply tightening the nut prevented further 
leaking. Once the large leaks were repaired, the much tougher task of tracking down the 
smaller ones began. To detect the smaller leaks, the nitrogen pressure must be monitored 
over many hours. 
6.1.3 Chan~in~ and Dischar~in~ 
Before charging the test stand, it is evacuated and allowed to sit overnight. This 
allows any nitrogen or refrigerant dissolved in the oil or adsorbed on the inner surface to 
desorb and be pumped out the following morning. The charging configuration can be seen 
in Figure 6.1. A charging manifold is connected to a vacuum pump, the test facility, and 
the cylinder holding the refrigerant to be charged. To monitor the amount of refrigerant 
charged into the system, the source cylinder is placed on a scale. With both valves on the 
manifold open, the vacuum pump is turned on and evacuates the hoses and the test loop. 
After allowing the vacuum pump to run for 10-15 min, the vacuum valve is closed. If the 
sound emanating from the vacuum pump changes as a result of closing the valve, indicating 
that the pump was still removing vapor from the test facility, it is re-opened. Once closing 
the valve has no effect on the pump operation, the loop is ready to be charged. 
With the vacuum valve closed the source cylinder is opened and refrigerant flows 
into the test facility. Due to the fact that both the EST and the PRT are usually well above 
room temperature at this time, one of the positive displacement pumps is turned on to 
provide the pressure lift necessary to keep refrigerant flowing from the cylinder into the 
loop. To reduce the magnitude of the pressure lift needed, the source cylinder is immersed 
in the PRT, and thus heated, while the loop is being evacuated. Once the required charge is 
added, the valve on the source tank is closed. 
If oil needs to be added before a test begins, it is injected through a charging valve 
in the liquid line of the test facility. A hand pump, with the suction end submerged in a 
container of oil, is used to add the oil. To aid in mixing, this is done with the loop fully 
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Figure 6.1 Equipment used when charging the test facility. 
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charged and refrigerant flowing at a high rate. Because it takes about 90 minutes to get to 
steady state for the first data point, sufficient mixing is assured by the time data are 
recorded. 
If the loop is overcharged, the PRT fills with liquid and loses its effectiveness. The 
pressure is then out of control, staying well above the desired value due to the high 
temperature of the EST. In this case, lowering the PR T temperature has no effect on the 
system pressure. A recovery cylinder is then connected to the loop and placed on the scale 
as liquid refrigerant is bled out in small quantities until the system pressure corresponds to 
the PRT temperature, indicating that an equilibrium two-phase mixture has been re-
established in the PRT. 
To discharge the loop, a recovery cylinder is placed in a bucket of ice water and 
connected to the loop via a refrigerant manifold. During all charging and discharging 
procedures, "self-sealing" refrigerant hoses are used; thus reducing the possibility of 
contaminating the refrigerant with air. The refrigerant flows from the high pressure loop 
into the lower pressure cylinder. Once the pressure in the loop corresponds to ice water 
temperature, a recovery unit is used to reclaim the remaining vapor. 
6.2 System Operation 
When starting the experimental facility, the refrigerant, water, PRT, and EST 
temperatures all need to be adjusted. Because fluid temperatures have fallen overnight, 
about 90 min is usually required before steady-state can be reached and the first data point 
taken. Great care must be taken to ensure that the EST is in fact at an equilibrium 
temperature before data are recorded. As mentioned earlier, the power added to the EST, 
corrected for ambient losses, is assumed to be equal to the rate of heat transferred to the 
refrigerant. The temperature at which this steady state condition exists is an unknown for 
each test, and therefore must be found experimentally. At low flow rates, when the power 
added is relatively low, the operator must be very patient while determining whether or not 
the EST is at steady state. If, for example, 40 Btu/min are being added to the EST but the 
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refrigerant is only taking out 30 Btu/min, the EST will be heating up at a rate of about 
0.06 Of'/min. Although this can look like steady state over a short time, the refrigerant inlet 
condition is incorrect. The problem is less severe at higher refrigerant mass flow rates, 
where much higher powers are added. Once steady state is reached, data are recorded at 
15-s intervals for 5 min. 
6.2.1 System Start Up 
When starting the loop, the PRT, EST, and water temperatures all need to be 
increased. This is accomplished most efficiently by using the refrigerant flow to transfer 
heat from the EST to the water flowing through the test section and to the PRT. Simply 
getting the various components hot, however, is not the time limiting factor. The time 
consuming steps are determining the correct steady-state temperature for each component 
and verifying that steady-state has is in fact been achieved. 
Due to the complex nature of the many energy balances within the system, 
achieving the correct steady state condition has the potential to be a frustrating endeavor. 
For a given test, the refrigerant and water mass flow rates are fixed, and therefore do not 
add to the complexity. The PRT, EST, and inlet water temperatures, however, are all 
unknowns when starting a new test. These values are determined experimentally during 
each test and are recorded for future reference. With some system experience an educated 
guess can be made, but the exact values are always start out as an unknown. 
6.2.2 Achievin~ Steady State 
PID controllers are used to set the refrigerant mass flow rate, water mass flow rate, 
power added the EST, power added to the PRT, and the amount of trim heat given to the 
water line .. For a given test, the controllers that maintain the desired refrigerant and water 
mass flow rates are set to the desired values and left alone. 
Although the power addition to the EST that is necessary to achieve the proper 
refrigerant test section inlet condition can be calculated, if the controller is set to this value 
128 
and left alone, it would take hours for the EST temperature to reach steady state. For this 
reason, the EST power input is initially set to a value much higher than what is calculated. 
As the temperature approaches the anticipated value, the power level is reduced to the 
calculated value. If the temperature continues to climb, indicating that the tank is not yet 
warm enough, a small boost of power is given to the EST in the form of a much higher 
power input for a short time. If the temperature starts to fall, indicating that the tank is too 
warm, the power setting is greatly reduced for a short time, allowing the tank to cool 
slightly. After each iteration the power is brought back to the calculated steady state value 
and the EST temperature is monitored. The process is repeated until steady state is 
verified. 
A similar situation exists for the PRT. Although the desired test section saturation 
pressure is known ahead of time, the pressure in the PRT must account for the pressure 
drop that occurs between the exit of the test section and the PRT. At the highest flow rates 
with high quality exit conditions, the pressure in the tank may be 20 psi lower than in the 
test section. At low flow rates, however, the pressure drop between the test section and the 
PR T is negligible. Therefore, the correct PR T temperature was not known ahead of time. 
As the EST and PRT are being adjusted, the water temperature also requires 
attention. Because the water and refrigerant mass flow rates are fixed for a given test, the 
amount of heat transferred in the test section is controlled by the inlet water temperature. 
For each test, based on refrigerant properties and desired flow conditions, the proper 
amount of total heat transferred from the refrigerant to the water is calculated. From this 
value, the resulting temperature change in the water flow is calculated. If the water-side 
temperature change is not correct, the water inlet temperature is raised or lowered, thus 
decreasing or increasing the -heat transferred, respectively. 
Also of concern while trying to achieve steady state is the heat rejected from the 
water line to the chilled ethylene glycol in the large heat exchanger. For steady-state 
operation to be maintained, the amount of heat added to the water in the test section must be 
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removed from the flow. If the amount of heat removed is slightly off, the water 
temperature will drift. Small adjustments in the glycol flow rate through the large heat 
exchanger have the potential to alter the test section inlet water temperature significantly. 
The glycol flow rate is monitored via a pressure gauge that measures the glycol pressure 
downstream of the regulating valve. Once the valve position results in a water temperature 
that is close to what it should be, the gauge pressure is recorded and the 1.4-kW trim heater 
is used to adjust the inlet water temperature. 
For tests when the outlet of the test section is two phase, some of the flow has to be 
diverted through the after condenser so that the overall flow is subcooled when entering the 
PRT. If too much flow is diverted through the after condenser, the flow will be too cold 
when entering the PRT and a two-phase mixture near the temperature of the bath will not be 
achieved. If too little flow is diverted, it is possible that a two phase mix will be entering 
the PRT, resulting in a slowly rising bath temperature. Adjusting the bypass flow rate 
changes the temperature and/or enthalpy of the refrigerant entering the PRT, and will 
therefore affect the system pressure. When the system pressure is altered two things of 
note happen: i) the equilibrium temperature of the EST is affected because the refrigerant 
now boils at a different temperature and ii) the amount of heat transferred in the test section 
is affected because the condensation process now takes place at a different temperature. 
All of the various heat balances are inter-related in such a way that it is impossible 
to set one parameter (i.e. system pressure) and then move on to another (i.e. water inlet 
temperature) without destroying the original parameter. The desired test condition criteria 
have to be approached simultaneously, with the operator continuously monitoring all of the 
pertinent displays. The more experience an operator has, the quicker a steady state 
condition can be reached. Once steady state is reached and verified, data is recorded by the 
datalogger every 15 s for 5 min. After the data has been recorded, the controls are reset 
for the next test and the procedure is repeated. About 20 to 40 min are required to reach a 
new test condition, depending on how many parameters have changed. 
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Figure 6.2 Sampling apparatus used when determining refrigerant composition. 
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Table 6.1 Refrigerant composition gas chromatograph method. 
Gas Chromatograph: .................................. Perkin-Elmer Autosystem GC 
Hewlet Packard HP3394A Integrator 
Detector: .................................................... Thennal Conductivity Detector 
Column: ..................................................... 8 meter, 1/8" OD., 5% Krytox 
on 60/80 Carbo pac b 
Temperatures: 
Injector: ............................................ 150°C 
Detector: . .... .... .......................... ....... 250°C 
Column Oven: ................................. 40°C Isothennal 
Carrier Gas: ................................................ Ultra-pure Helium 
30 ml/min 
Analysis time: .............................................. 11 minutes 
Retention Times: 
R-32: ................................................ 4.4 minutes 
R-125: .............................................. 8.1 minutes 
R-I43a: ............................................ 9.0 minutes 
R-134a: ............................................ 9.8 minutes 
.. 
Table 6.2 Oil concentrtion gas chromatograph method. 
Gas Chromatograph: .................................. Perkin-Elmer Sigma 300 
Perkin-Elmer LCI-IOO Integrator 
Detector: .... ............ .... .... .......... ...... .... ........ Flame Ionization Detector 
Column: ..................................................... 0.4 meter, 1/8" OD., 3% SE-30 
on 80/100 Supelcopac 
Temperatures: 
Injector: ............................................ 325°C 
Detector: ... ........ ........ ........ ............... 350°C 
Column Oven: ................................. 200 °C ramped to 320°C 
Carrier Gas: ................................................ Ultra-pure Nitrogen 
50 ml/min 
Analysis time: .............................................. 40 minutes 
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RT 
~=========================:=:::=J 8.15 
----==================:::=::::00- 8.93 
9.24 
RUN # 174 
AREA % 
RT AREA TYPE AR/HT AREA% 
8.15 495890 PB 0.199 56.779 
8.93 340920 BV 0.262 39.035 
9.24 36558 VB 0.209 4.186 
Figure 6.3 Typical refrigerant chromatagram 
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6.3 Sampling Procedure 
Because refrigerant properties are detennined based on the measured composition 
of the flow, it is essential the an accurate procedure be followed. To obtain a representative 
vapor sample for the gas chromatograph, a liquid refrigerant sample is trapped in the 
sampling section, removed from the test facility, and flashed into a 150-mL vessel. The 
analysis procedure is slightly different depending on whether or not oil is present. 
6.3.1 Refrigerant Composition 
When the refrigerant sample to be analyzed is free of oil, the sampling section is 
connected to a 150-mL cylinder as shown in Figure 6.2. The cylinder is then evacuated 
and the sample is flashed into the cylinder, resulting in vapor at a pressure of about 45 psia. 
The vapor then flows into a Perkin Elmer AutoSystem gas chromatograph for analysis. 
Enough vapor is released through the gas chromatograph to purge the input line and the 
l00-J.LL sampling valve. The method is then started, and a 100-~ sample is adsorbed onto 
the column. The exact method and equipment used is described in Table 6.1. A sample 
chromatogram produced from this method can be seen in Figure 6.3. Each peak represents 
a different refrigerant component, with the area under each peak proportional to the mass of 
the corresponding component. This technique has proved to be reproducible to less than 
0.2 weight percent. 
The mass to area relationship is determined daily for each refrigerant being tested. 
To detennine these relationships, a pure sample of each component is run through the gas 
chromatograph. Knowing the density and volume of the sample, the mass of refrigerant 
vapor is calculated. The mass to area ratio is then detennined by simply dividing the mass 
by the area under the curve. This procedure is done twice and averaged for every 
component being analyzed that day. Calibration runs are reproducible to less that 0.25%. 
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6.3.2 Qil Concentration 
If the refrigerant sample contains oil, a few additional steps are required when 
analyzing the composition. After the sampling section is removed from the loop, it is 
placed on a scale and the scale is re-zeroed. The section is then attached to a cascade 
impactor and sampling cylinder as shown in Figure 4.20. After evacuating the cascade 
impactor and cylinder, the refrigerant/oil mixture is released through the impactor. As the 
refrigerant flashes, the oil is deposited in the cascade impactor as the refrigerant vapor 
flows into the cylinder. After bleeding a refrigerant sample into the gas chromatograph, the 
sampling section is removed from the impactor and placed back on the scale. The 
difference between the full and empty masses of the sampling section represents the sample 
mass and is read directly off of the scale. By measuring the mass difference between the 
full and empty sampling section instead of the two absolute masses, a higher sample mass 
accuracy is attained. 
Qf the seven stages in the impactor, oil was rarely found past the third filter and 
never past the fourth. The top four filters are therefore used to wipe the residual oil off of 
the walls and from the walls of the sampling section. When using the gas chromatograph 
method to determine the mass of oil, the oil soaked filters were rolled up and inserted into a 
stainless steel tube. The tube was then inserted into a modified injector of a Perkin Elmer 
Sigma 100 gas chromatograph. While the steel tube was being inserted into the injector, 
the carrier gas was diverted so that there was no flow through the injector, but there was 
still flow through the column. The injector temperature was hot enough to desorb the oil 
from the filters. The method employed by the gas chromatograph can be seen in Table 6.2. 
A sample chromatogram produced by this method can be seen in Figure 6.4. Even though 
the oil chromatogram shows several peaks, corresponding to the hydrocarbons that make 
up the oil, only the total area under all the peaks is of interest. The total area is proportional 
to the mass of the oil sample. The mass of the oil is then used with the mass of the 
refrigerant/oil mixture to calculate the oil concentration. 
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FILE 38 RUN 36 STARTED 22:48.6 80/01/09 OIL 
% METHOD 1 OIL LAST EDITED 01 :09.8 80/01/01 
_6 A_512 C_10 0_0 
BGN 
--....wLl... ___ ----. 
7.41 
9.11 
_----------9.88 
FILE 38 RUN 36 STARTED 22:48.6 80/01/09 OIL 
% METHOD 1 OIL LAST EDITED 01 :09.8 80/01/01 
RT AREA HEIGHT BC AREA PERCENT HEIGHT PERCENT 
0.55 909615 61.8295 V 0.0224 0.1624 
5.01 321579584 3035.1265 T 7.9213 7.9722 
7.41 931502464 10449.0117 T 22.9451 27.4458 
9.11 1301203200 12310.7324 T 32.0517 32.2259 
9.88 1504502400 12214.7021 T 37.0595 32.0837 
5 PEAKS> AREA REJECT 4.059697E+09 TOTAL AREA 
5 PEAKS> HEIGHT REJECT 3.807140E+04 TOTAL HEIGHT 
Figure 6.4 Typical oil chromatogram. 
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The mass to area relationship for the oil was calibrated regularly. A measured 
volume of oil was deposited onto a glass fiber filter using a 100-/-!L syringe. Because the 
density of the oil is known and the sample volume is measured, the mass of the oil sample 
can be calculated. The filter is then analyzed by the oil gas chromatograph and the area 
recorded. The calibration is repeated for several different oil masses to detennine the mass 
versus area relationship. A typical calibration curve is shown in Figure 6.5. 
If the analytical balance were to be used to detennine the oil's mass, the oil-soaked 
filters, whose mass had been previously recorded, are weighed again. The differences (oil 
soaked and dry) in masses of the first four filters are added to obtain the total mass of oil. 
From this and the mass of the sample, the oil concentration is calculated. 
A controlled test was designed to verify the oil concentration measuring techniques. 
A 150-mL vessel was thoroughly rinsed with acetone and allowed to dry. A small syringe 
was filled with oil, placed on a scale, and the scale re-zeroed. After injecting oil into the 
vessel, the syringe was placed on the scale again to detennine the amount of oil added to 
the vessel. The vessel was then evacuated and weighed. The mass of the empty, 
evacuated cylinder is equal to the mass of the evacuated cylinder with oil minus the mass of 
the oil. After charging the vessel with R-22, it was weighed again to accurately detennine 
the amount of refrigerant that was added. Based on the charging measurements, 3.25 g of 
oil was mixed with 95.13 g of R-22 for an oil concentration of 3.30%. 
Small samples were then trapped, weighed, and flashed through the impactor to 
separate the oil from the refrigerant. After the contaminated filters were weighed with the 
balance they were inserted into the gas chromatograph. In this fashion the same samples 
were analyzed with both measuring techniques. Three separate samples were analyzed. 
After the samples were tested,· the ASHRAE Standard (41.1-1984) was used on the 
remaining refrigerant/oil mixture to again measure the oil concentration. The results of this 
study are shown in Table 6.3. An error occurred while the gas chromatograph was 
analyzing the last sample, thus losing that data point. As can be seen, the analytical balance 
137 
0.020 o 
0.018 
0.016 
r---\ 
~ 0 
bI) 0.014 
~ 
U) 
U) 
C\:l 0.012 ~ I-' 
W 
00 ,.....-.( .~ 
0 0.010 
0.008 
0.006 
o 
0.004 
2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 
Area x 10"8 
Figure 6.5 Oil gas chromatagraph calibration. 
technique is reliable to within about ±0.1 weight percent and the gas chromatograph 
method seems to under predict the actual oil concentration slightly. Because of the 
increased accuracy and shorter test time, the analytical balance technique replaced the gas 
chromatograph method. 
Table 6.3 Comparison of Oil Concentration Measuring Techniques 
Known Charge Analytical Balance Gas Chromatograph ASHRAE Standard 
3.30% 
3.17% 3.01% 
3.37% 3.23% 
3.24% -
3.29% 
6.4 Energy Balances and Losses 
As mentioned earlier, tests were performed with water flowing in both the 
Wolverine Tube and the annulus to determine heat loss to the environment and the 
combined resistances due to of annulus side heat transfer and conduction through the tube. 
All tests, both those with water and those with refrigerant, were performed with annulus 
flow rates of either 720 Ibm/hr or 1080 Ibm/hr. The water flow rate in the tube was varied 
from 600 lbmlhr to 2100 Ibm/hr, with the inlet temperature maintained near 125 of, and the 
inlet temperature to the annulus was varied from 85 of to 100 oF. 
During these tests, the heat loss to the environment was calculated by subtracting 
the heat gained in the annulus from the heat lost in the tube. The results from these tests are 
shown in Figure 6.6. It can be seen in all cases that the heat lost is well within the 
uncertainty of the measurements. However, it is still desirable to compensate for the heat 
lost to the environment. Therefore, a least squares approach was utilized to determine the 
overall heat transfer coefficient, UAloss, for heat transferred from the annulus to the 
environment. The UAloss value was determined to be 8.5 Btulhr·°F. 
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Figure 6.7 Typical wilson plot. 
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Effectiveness-NTU relations were developed for a counter flow heat exchanger to 
account for the heat loss. The equations and their derivations can be seen in Appendix A. 
The fIrst set of equations are for cases where both fluids have well defIned specific heats, 
as is the case in the Wilson Plot analysis. The second set of equations are for cases where 
one fluid does not have a well defined specific heat and changes temperature, as is the case 
when analyzing the refrigerant condensation data. The temperature change is due to 
pressure drop and/or zeotropic action. 
6.S Wilson Plots 
Although it was originally hoped to use wall temperature measurements in the heat 
transfer coeffIcient calculation, it was determined that these measured values were not 
reliable. Because this conclusion was anticipated, Wilson Plot data were recorded for the 
two annulus side water flow rates used throughout the experiment. Because local water 
temperature measurements are made and local refrigerant temperatures inferred, if the heat 
transfer resistances of both the tube and the water side are known, a refrigerant side heat 
transfer coeffIcient may be calculated. The above mentioned heat loss tests were actually 
designed for a Wilson Plot analysis so that the water side and tube resistances could be 
evaluated for the proper flow conditions. 
In a Wilson plot analysis, data are plotted as shown in Figure 6.7. In the plot, UA 
is the overall heat transfer coefficient, Vr is a reduced velocity, typically Reynolds number 
or mass flow, and d is 0.8. The basic concept behind the Wilson plot analysis is that as the 
velocity of one fluid approaches infinity, the heat transfer resistance due to that fluid will 
approach zero. Hence, the only resistance left will be due to conduction through the tube 
wall and the water side resistance. Therefore, the intercept at 1 / V~ equals zero is the heat 
transfer resistance due to conduction and the water side. Because this point cannot be 
determined experimentally, data are fit to the line, 
1 I 
-=a+b-
UA Vd r 
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(6.1) 
and extrapolated to the intercept. Hence, the quantity l/a represents the overall heat transfer 
coefficient of only the second fluid and conduction. 
Because the condensation data are taken for two different annulus side flow rates, 
two Wilson Plot curve fits are required. The parameters b and d are functions only of the 
system, independent of flow rate, and a is a function of the flow rate. Therefore, the 
curves were fit in a manner so that band d are the same for both curves and a is different 
for each curve. The data for the two flow rates can be seen in Figure 6.8. From these fits, 
the overall heat transfer coefficients for the annulus and conductive heat transfer, UAoub 
are determined from l/a. These calculations yield the results: UAout = 3630 ± 950 
Btu/(hr-F) for a water mass flow of 720 lbmfhr, and UAout = 4780 ± 1360 Btu/(hr-F) for a 
water mass flow of 1080 lbmfhr. 
The Wilson plot tests were also used to try to evaluate the accuracy of the wall 
temperature measurements. It was found that there was considerable scatter in the wall 
temperature measurements due to installation inconsistencies. Also, it was found that the 
uncertainties in the refrigerant heat transfer coefficients were smaller when the Wilson plot 
UAout's were used to reduce the heat transfer data. Therefore, all reduction of refrigerant 
data utilizes the Wilson Plot results and not the wall temperature measurements. 
6.6 Test Matrix 
The overall test matrix can be divided into two parts. The first set of tests were all 
performed at a single condensing temperature with 0% and 1 % oil. After these tests were 
completed, further tests were performed on a subgroup of the more promising alternative 
refrigerants. 
6.6.1 Original Test Conditions 
The twelve chemicals initially tested are shown in Table 6.4. All tests were taken at 
a condensing temperature of 125 oF. For the blends, the condensing pressure is the 
pressure at which the average of the dew and the bubble point temperatures is 125 oF. Heat 
142 
0.0007 
0.0006 • 7201bm/hr • o 1080 Ibm/hr 
0.0005 
0.0004 
<t: 
2 
...... ~ 0.0003 
& 
0.0002 
0.0001 
0.0000· 
a 0.001 0.002 0.003 0.004 0.005 0.006 0.007 
l/Mass Flow RateO. 8 
Figure 6.8 Wilson plot results. 
fluxes corresponding to condensing lengths of 18.5, 37.0, and 55.5 ft were investigated. 
To simulate condensation lengths longer than 18.5 ft, multiple tests are performed at 
different qualities. If a condensation length of 37.0 ft is required, for example, one test is 
run with the refrigerant inlet slightly superheated and an outlet quality of 50%. Another test 
is then performed with an inlet quality of 50% and the exit slightly subcooled. In a similar 
fashion, three sets of data are required for the 55.5-ft condensing simulation. 
To examine the effect of mass flux on heat transfer, data were taken for flow rates 
of 75, 150, 250, and 400 lbm/hr. All tests were then repeated with approximately 1% oil in 
circulation. This data matrix has 12 (refrigerants) x 4 (mass flow rates) x 6 (tests per three 
heat fluxes) x 2 (oil concentrations) = 576 individual data sets. 
Table 6.4 The Composition and Condensing Pressure of Refrigerants Tested 
in the Original Study 
Refrigerant Composition Replaces P [psia] 
R-22 100 - 293 
R-134a 100 R-22 199 
R-32/R-125 60/40 R-22 464 
R-32/R-125/R-134a 30/10/60 R-22 315 
R-32/R-134a 25n5 R-22 285 
R-32/R-125 50/50 R-22 461 
R-32/R-125/R-134a 23/25/52 R-22 314 
R-502 100 - 316 
R-32/R-125/R-143a 10/45/45 R-502 383 
R-125/R-134a/R-143a 44/4/52 R-502 342 
R -125/R-143a 50/50 R-502 359 
R-32/R-125/R-134a 20/40/40 R-502 337 
6.6.2 Additional Tests 
Seven chemicals, shown in Table 6.5, were chosen for the additional study. The 
additional work investigated condensing temperatures of 110 OF and 140 OF at an oil 
concentration of 1 %, and a condensing temperature of 125 OF with an oil concentration of 
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3%. The total information gathered will therefore consist of condensation data for the most 
promising alternatives at condensing temperatures of 110 of, 125 of, and 140 of with 1 % 
oil and at a condensing temperature of 125 of with oil concentrations of 0%, 1 %, and 3%. 
The additional work required 7 (refrigerants) x 3 (condensing pressures) x 4 (mass flow 
rates) x 6 (tests per three heat fluxes) = 504 separate data points. The overall test matrix 
therefore contains 576 + 504 = 1,080 unique sets of test conditions. 
Table 6.5 The Composition and Condensing Pressure of the 
Refrigerants Tested in the Additional Study 
Refrigerant Composition Replaces P [psia] at 110 
R-22 100 - 241 
R-134a 100 R-22 161 
R-32/R-125 50/50 R-22 378 
R-32/R-125/R-134a 23/25/52 R-22 258 
R-502 100 - 263 
R-125/R-134a/R-143a 44/4/52 R-502 285 
R-125/R-143a 50/50 R-502 292 
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P [psia] at 140 
352 
244 
549 
382 
377 
413 
422 
Chapter 7 
Capillary Tube Experimental Procedure 
This chapter describes the techniques used to acquire data from the capillary tube 
facility. Also, the complete data matrix is outlined and explained. 
7.1 System Preparation 
Due to environmental concerns and possible fractional distillation of the refrigerant 
mixtures, it is imperative that the facility is leak-free. The same leak elimination process 
that was followed in the condensation study was adhered to for the capillary tube study. 
After the system is verified as leak-free, it is evacuated and allowed to sit overnight to allow 
any gas adsorbed on the inside of the facility to desorb. 
7.1.1 Charging and Discharging Refrigerant 
The charging and discharging procedures are very similar to those used for the 
condensation loop. The diaphragm pump is the only additional consideration. Because of 
the way the neoprene diaphragms are seated in the pump, the manufacturer cautioned 
against subjecting the seals to a vacuum. To isolate the pump when the loop is evacuated, 
ball valves were added near the inlet and outlet of the pump. 
The discharging procedure starts with creating an environment at a lower pressure 
than the experimental facility. This is accomplished by immersing a recovery cylinder in a 
bucket of ice water. After the liquid refrigerant has been captured by the recovery cylinder, 
a reclamation unit is used to recover the remaining vapor. As the pressure in the loop 
approaches atmospheric, the valves around the pump are closed, trapping a small amount 
of refrigerant vapor. The reclamation unit is able to reduce the pressure in the loop to about 
4 psia. When this level is reached, a vacuum pump is used to complete the evacuation 
process. Although the refrigerant has been removed from most of the loop, a small amount 
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of vapor remains around the diaphragm pump. To flush the previous refrigerant from the 
region around the pump, appropriate valves are closed and a small amount of the next 
refrigerant to be tested is charged into one side of the loop. It is then bled slowly through 
the pump section, into the evacuated side of the facility, flushing out the old refrigerant. 
The valves around the pump are then shut, this time trapping vapor of the next refrigerant 
to be tested. The portion of the loop now contaminated with a mixture of the two 
refrigerants is re-evacuated before the next refrigerant is added. 
When removing the mixture of two refrigerants from the system, a charging 
manifold is used to connect the loop, vacuum pump, and cylinder of new refrigerant. After 
the loop is evacuated, the valve on the vacuum-pump side of the manifold is closed, thus 
isolating the vacuum pump. The valve on the refrigerant cylinder is then opened, allowing 
refrigerant to flow into the loop. To facilitate the charging procedure, the R-502 unit is 
used to cool the heat exchangers, thus maintaining a low pressure in the loop as it fills with 
refrigerant. After about 12 Ibm of refrigerant enter the loop, the cylinder valve is shut and 
the pump turned on. 
If the capillary loop is overcharged, the sight glass that shows how full the PRT 
reservoir is fills completely with liquid. The pressure then rises sharply, and large pressure 
fluctuations are sent through the loop. To remedy this problem, liquid refrigerant is 
removed from the high pressure side of the facility. If the loop is undercharged, no liquid 
is visible in the sight glass and the inlet pressure is lower than what corresponds to the PRT 
temperature. In this case, liquid refrigerant is added through the charging port on the low 
pressure side of the capillary tube. The configuration used to achieve a proper charge can 
be seen in Figure 7.1. In most cases, once the loop is running with a satisfactory charge, 
no charge adjustments are necessary for the remainder of the tests for that capillary tube. 
7.1.2 Chan~in~ Test Sections 
Before a test section is removed, the charge in the region between the valves that 
isolate the test section is minimized. The liquid is removed from this region by turning on 
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the R-502 unit, thus lower the temperature and pressure if the heat exchangers. A heat gun 
is then used to heat the test section and surrounding tubing. In this way it is assured that 
there is only low pressure vapor in the test section, thus minimizing the disturbance, both 
in terms of amount and composition, to the charge in the system. After the test section is 
removed, a new one is installed and evacuated before the isolating valves are opened, 
flooding refrigerant vapor into the test section. 
7.2 System Operation 
As mentioned, once the loop is charged properly and running, very few 
adjustments are necessary as data are being recorded. Getting the facility operating from a 
cold start, however, can present a challenge. 
7.2.1 System Start-Up 
The first task when starting up the loop is to get the PRT and SST to the correct 
temperature. This is accomplished by turning the heaters up to 100% and turning on the 
submersible pumps. Depending on the amount of temperature rise necessary, heating the 
tanks usually takes between 20 and 90 minutes. As the temperatures get close to the 
desired values, the R-502100p and the gear pump are turned on. The R-5021oop cools the 
refrigerant in the heat exchangers and therefore allows the gear pump to start circulating 
cold refrigerant. The circulating refrigerant cools the inlet line of the diaphragm pump. If 
this is not done before the diaphragm pump is turned on, the refrigerant will boil violently 
when it hits the warm copper, resulting in cavitation at the entrance to the diaphragm pump 
and negligible flow. 
On occasion, the diaphragm pump does not prime, resulting in no refrigerant flow. 
The pump is then shut off, the gear pump turned up a little to increase the inlet pressure, 
and the diaphragm pump turned back on. The process might have to be repeated a couple 
of times before satisfactory flow is attained. When the pump does start moving refrigerant, 
it sounds very different, the outlet pressure increases, and the inlet pressure decreases. The 
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most important consequence of the pump operating correctly, visible on the computer 
screen, is that the mass flow rate increases to a stable value. The liquid level in the vertical 
sight glass is then noted and charge is removed or added accordingly. 
Once the loop is running smoothly, with an acceptable liquid level in the vertical 
sight glass and a stable mass flow rate, the temperatures of the PRT and SST are adjusted 
to appropriate values for the data collection to begin. 
7.2.2 Data Collection 
Each data set begins with the PRT at the desired temperature and two-phase flow 
entering the capillary tube. The SST is then slowly cooled at a rate of about 0.2 of to 
0.3 of per minute, thus increasing the amount of subcooling at the capillary tube inlet. As 
data are obtained, the system operator regularly records the time, temperature of the 
refrigerant entering the test section, percentage power given to the SST, PRT temperature, 
and the percentage power given to the PRT. By recording all of these values, the operator 
can "see" the history of the data run and better predict what changes may become necessary 
as the run proceeds. Of the values recorded, the PRT temperature and the SST temperature 
are the most important. These values determine the high side pressure and the amount of 
subcooling at the test section inlet, and are altered by changing the percentage power to 
each of the tanks. Therefore, knowing past power input values to the PRT and SST prove 
helpful when an adjustment becomes necessary. 
The data are taken in a very systematic and reproducible way. The 130 OF 
condensing temperature data is taken first, followed by a loop at the 110°F condensing 
temperature condition, followed by the 90 OF condensing temperature data. After the 
130 OF data is completed, the SST is at about 105 OF and the PRT is at about 131°F. The 
PRT is then cooled to 111°F by circulating the ethylene glycol from the tank through an 
R-502 cooled heat exchanger. While the PRT is being cooled, the SST is heated to about 
112 oF. Once both tanks are at a steady, acceptable level, the SST is again cooled slowly 
as the 110 OF data are recorded, until 25 OF of subcooling is reached. At this point, the 
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power to the heater in the SST is turned up, so that the subcooling slowly decreases to 
zero. In this fashion, a complete "loop" is taken for every 110 OF run. The SST and PRT 
are then cooled to appropriate values and the 90 OF condensing temperature data are taken. 
About ten hours are required to test a tube at all three temperatures. A typical data set is 
shown in Figure 7.2. 
The 110°F loops are taken to investigate the magnitude of path dependent effects on 
mass flow rate. To investigate the effect of temperature on the hysteresis, loops were run 
at all temperatures for R-22 flowing through the 0.049-in. ID tube. 
7.3 Refrigerant Sampling Procedure 
For sampling purposes, refrigerant is removed as a liquid from the high pressure 
side of the test facility. It is trapped in the same sampling system used in the condensation 
study. The gas chromatograph composition analysis is identical to that used in the 
condensation studies, described in chapter 6. Because only oil-free refrigerant is tested, 
there is no need to determine the oil concentration. 
7.4 Data Matrix 
The complete data matrix for the capillary tube studies is outlined in Table 7.1. 
Data were taken at all three condensing temperatures for every tube/refrigerant pair. An "I" 
in the table indicates that the data were obtained by starting with two-phase at the capillary 
R-22 
R-134a 
R-407C 
R-41OA 
Table 7.1 Test Matrix for Capillary Tube Studies 
90 OF 110 OF 130 OF 
0.039 0.042 0.0491 0.039 0.042 0.0491 0.039 0.042 0.049 
I I L L L L I I L 
I I I L L L I I I 
I I I L L L I I I 
I I I L L L I I X 
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tube inlet and increasing the subcooling to 25 oF. An "L" in the table indicates a loop, 
starting with two-phase at the inlet, was taken at that condition. Because of its extremely 
high operating pressures, the mass flow rate, and thus pressure drop, was much higher for 
R-41OA than for the other chemicals. The test facility could not properly condition the 
R-41OA flow for the highest inlet pressure. An "X" in the table indicates that the test was 
not taken. 
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Chapter 8 
Data Analysis 
In this chapter, the data reduction processes involved in both the capillary tube 
study and the condensation study are discussed. 
8.1 Condensation Study Data Reduction 
A raw data file consists of about 20 scans of 80 different measurements. In this 
form, most of the data are voltage and current measurements; not yet converted to 
temperatures, pressures, and mass flow rates. One such data file is created for each 
combination of experimental parameters, giving a total of 1080 data files to be analyzed. 
Owing to the complex nature of the analysis and the large number of data files involved, a 
systematic automated data analysis procedure was developed. 
8.1.1 File Names 
To distinguish the 1080 data sets, a unique name was given to each file. The names 
consist of four parts: i) the refrigerant, ii) the condensing temperature/oil concentration, iii) 
the quality range, and iv) the mass flow rate. As the data are being reduced, various 
suffixes are used to show how far along the data reduction process they are. For example, 
"R502.11O.10f2.400" is the data set for R502, condensing at 11 0 OF (and an implied oil 
concentration of 1 %), with superheated vapor at the inlet and an exit quality of 0.5, and a 
mass flow rate of 400 lbrn/hr. After the 20 scans of data are averaged, the suffix ".ave" is 
added, making the name "R502.11O.10f2.400.ave." As the data reduction proceeds, the 
suffix is continually replaced with an appropriate one. For generality, data files will be 
referred to as *.suffix, where the * represents the raw data file and the suffix designates the 
step of the data reduction completed. In the above example, the specific data file 
R502.11O.10f2.400.ave will be replaced with the generic name * .ave. 
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Although the refrigerant name and mass flow rate are self-explanatory, the 
condensation temperature/oil concentration and quality range may require further 
discussion. There are five different codes that represent the condensation temperature/oil 
concentration. They are shown in Table 8.1, along with a description for each one. Table 
8.2 lists the codes for the quality ranges and a brief description of what they mean. 
Table 8.1 Description of the second term of the name of a data set 
Term Meaning 
125 Condensing temperature of 125 OF, 0% oil 
0 Condensing temperature of 125 OF, 1 % oil 
110 Condensing temperature of 110 OF, 1 % oil 
140 Condensing temperature of 140 of, 1 % oil 
3% Condensing temperature of 125 OF, 3% oil 
Table 8.2 Description of the third term of the name of a data set 
Term Meaning Condensing Length 
Ion Superheated vapor in, subcooled liquid out 18.5 ft 
10f2 Superheated vapor in, 0.5 quality out 37 ft 
20f2 0.5 quality in, subcooled liquid out 37 ft 
10f3 Superheated vapor in, 0.33 quality out 55.5 ft 
20f3 0.67 quality in, 0.33 quality out 55.5 ft 
30f3 0.33 quality in, subcooled liquid out 55.5 ft 
8.1.2 Data Reduction Procedure 
The ftrst step when reducing a raw data file is to average the values for each of the 
measurements for the 20 or so scans. Averaged values for each scan are then stored in a 
*.ave me, along with the calculated uncertainty and the total number of scans for each 
parameter. 
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The values of the voltages and currents in the *.ave file are then converted to 
temperatures, pressures, and mass flow rates and a descriptive name is given to each 
calculated value. As part of the reduction process, information from the appropriate 
"extra.dat" file is incorporated into the recorded data. Oil concentration, pressure 
transducer parameters, mercury-glass thermometer measurement of the PRT, and the 
measured refrigerant composition are among the data recorded manually and integrated into 
the computer-recorded data at this point. This information is saved in a *.transd file, along 
with the uncertainty, units, and description of each parameter. 
From the values in the *. transd files, parameters of interest are calculated and saved 
in a *.parms file. Again, the calculated uncertainty, units, and description are saved along 
with each calculated value. Among the parameters of interest that are calculated and 
included in a *.parms file are: physical dimensions of the test section, total heat gained by 
the water in the test section, inlet and outlet refrigerant enthalpies and qualities, and VA 
values from the Wilson plots. 
The *.parms file is then used to calculate the effectiveness of the heat exchanger. 
The equations developed in Appendix A3 are then used to calculate the NTU value for each 
2-ft section of the heat exchanger, and from the NTV value an overall VA value is 
calculated. Equation 8.1 is used to determine the heat transfer coefficients. 
(8.1) 
8.1.3 Saturation Temperatures 
Because temperature measurements are not made in the test section, the two-phase 
refrigerant temperature must be inferred from inlet and outlet pressure measurements and a 
saturation curve. The pressure drop along the test section is calculated as a function of 
qUality. 
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For R22, R134a, and R502, the temperature/pressure relationship for a two-phase 
mixture was obtained from ASHRAE tables. To find the saturation temperature at any 
pressure, curve fits were applied to the ASHRAE data. The resulting curves, which 
deviate from the accepted temperatures by less that 0.05 of, are incorporated into the data 
reduction programs. The *.parms files, therefore, contain both the measured inlet and 
outlet temperatures and the corresponding temperatures,calculated form the pressures and 
the equations of state. For oil-free two-phase flows, the measured and inferred values are 
expected to be very close. Comparisons of measured two-phase flows confirm this. 
8.1.4 The Effect of Oil on Condensinf: Temperature 
Because many of the tests have a two-phase flow at the inlet of the test section, the 
temperature and pressure measurements taken there may be used to verify and correct the 
equations of state. For example, Figure 8.1 shows the deviations from the expected 
condensing temperatures collected for R-502 for the four flow rates (75, 150, 250, and 
400 lbm/hr) and the five different oil concentration/condensing temperature combinations. 
As shown, there is a systematic offset for the cases with I % oil and a larger offset for the 
3% oil cases. When oil is added to a refrigerant the saturation pressure of the mixture is 
lower than that of the pure refrigerant. Because we set the pressure in the test section to a 
given value for each of the tests, the condensing temperature is what fluctuates as the oil 
concentration changes. Figure 8.2 shows a similar graph for R41OA. In this instance, 
even the pure refrigerant shows an offset. The analysis was repeated for all 12 
refrigerants, with similar results obtained. All of the mixtures have an offset for the oil free 
case. These offsets are attributed to both errors in measuring the actual composition and 
errors in the equations of state. 
Because of the different oil concentrations tested, the refrigerants were charged and 
discharged at least three times. The actual mixture composition is measured each time a 
new blend is tested. Because the composition of any given mixture is not constant for all 
of its tests, it was decided to use REFPROP values for the actual compositions tested rather 
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than use data from the manufacturer for the expected composition. The result of this 
decision is appreciable errors in the calculated saturation temperatures of the mixtures. 
However, because both temperature and pressure measurements are made for each 
refrigerant under a two-phase flow condition, the equations of states can be corrected. For 
example, Figure 8.2 shows that for R41OA, 0.9 OF must be subtracted from the calculated 
saturation temperature to get the actual saturation temperature at 125 oF. Table 8.3 shows 
the offsets used to get the actual condensing temperatures. 
Table 8.3 Offsets used to correct the equations of state when calculating a 
condensing temperature. 
Refrigerant 0% oil 1% oil 3% oil 
R22 0.00 0.88 1.00 
R134a 0.00 0.37 0.84 
R407C 1.08 1.08 3.49 
R410A -0.92 -0.11 0.17 
25/0n5/0 0.55 2.31 -
30/10/60/0 0.38 2.20 -
60/40/0/0 -0.81 0.05 -
R502 0.00 0.72 1.93 
R507 -0.74 0.07 0.00 
R404A -0.56 0.33 -0.05 
20/40/40/0 0.44 2.98 -
10/45/0/45 -1.10 -0.44 -
By using the offsets shown in Table 8.3, the uncertainty in the condensing 
temperature resulting from the presence of oil, the errors in the equations of state, and the 
experimental limitations of measuring the actual refrigerant composition is reduced 
significantly. 
8.2 Capillary Tube Study Data Reduction 
Because the mass flow rate, temperature, and pressure are recorded directly by the 
data acquisition system, very little data analysis is necessary for the capillary tube study. 
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Also, for the capillary tube study we are interested in how the data change from minute to 
minute, so we do not average values over longer time spans. The data acquisition system 
scans the measured parameters 39 times per minute, and records the average. These 
averaged values are then taken to be the data points for that minute. 
8.2.1 Determining Capillary Tube Diameters 
Due to manufacturer variability, the actual inner diameter of a capillary tube can 
vary by as much as 0.001 in., or about 2 - 3%. Because uncertainties of this magnitude 
result in unacceptably high uncertainties in mass flow rate, the actual diameter of each 
capillary tube was determined experimentally. As discussed in Chapter 5, a water flow 
facility was constructed to meet this need. Reducing the water flow data to obtain tube 
diameters proved to be a very complicated matter. Measured quantities include total mass 
flow of water, elapsed time for the water flow, inlet pressure (gage), and inlet temperature. 
The inlet pressure was kept low enough to ensure laminar flow in the capillary tube. The 
mass flow rate is obtained by dividing the total mass flow by the elapsed time. The 
pressure drop across the tube is simply the gage pressure at the inlet. So the pressure drop, 
tube length, mass flow rate, and fluid properties are all known. The difficulty resides in 
separating the frictional pressure drop from other losses. The following equation is used to 
model the pressure drop: 
1 2( 64 L) ~P=-pu K+--
2 Re D ' 
(8.2) 
where K represents the non-frictional losses and may be a function of Reynolds number. 
The magnitude of K results from two different phenomenon; i) contracting the flow from a 
large diameter tube to a small diameter tube and ii) the additional pressure drop resulting 
from developing flow in the first few inches of the capillary tube. The loss resulting from 
the sudden contraction and resulting vena contracta is a function of diameter ratios, and the 
loss resulting from the developing region is a function of Reynolds number. For these 
reasons the value of K in Equation 8.2 may be a function of both Reynolds number and 
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tube diameter. For a given mass flow rate, however, the Reynolds number is a function of 
diameter, confounding the problem further. 
In an attempt to separate K from frictional losses, the manufacturer's diameter was 
assumed to be correct and Equation 8.2 was used with the experimental data to find a K for 
each water flow data point. When the "nominal" K values are plotted versus Reynolds 
number it becomes clear that the lO-in., 20-in., and 40-in. tubes have different K values 
and change in different ways with respect to Reynolds number. It is believed that these 
differences are not necessarily due to the different diameters, lengths, and Reynolds 
numbers alone, but may also result from unique geometries at the inlet of each of the nine 
capillary tubes tested with water. If the diameter used in the water flow calculation is 
changed by 0.0001 in. (0.26%, 0.24%, or 0.20% for the 0.039, 0.042, and 0.049-in. ID 
tubes, respectively), the values of K change significantly. For this reason it is apparent that 
almost any diameter has the possibility of being determined as the best one, depending on 
the K values chosen. 
An Engineering Equations Solver (EES) program was written to simultaneously 
solve for the best K values for each length of tube and the best diameter for all three tubes. 
This procedure was then repeated for each diameter. Although this program is fairly 
sensitive to initial guesses, it does find reproducible optimum values for the various K 
values and the tube diameters. From the optimum K values and raw data, Equation 8.1 
was used to calculate a predicted diameter for each of the data points. Figures 8.3 through 
8.5 show the results of this calculation for the three tube diameters. Each graph shows the 
fractional deviation from the optimum diameter plotted against Reynolds number for each 
of the three tube lengths. The stated and actual diameters, along with uncertainties and the 
percentage deviation from the stated diameters, are shown if Table 8.4. 
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Figure 8.5 Resulting rractional deviations from the calculated best dial11ett.:r ror the 0.049 inch ID capillary tube 
Table 8.4 Comparison of stated and determined tube diameters 
Stated Diameter 0.039 in. 0.042 in. 0.049 in. 
Calculated Diameter 0.03920 ± 0.04202 ± 0.04915 ± 
0.00012 in. 0.00018 in. 0.00021 in. 
Percentage Difference 0.51 0.05 0.31 
8.2.2 Data Reduction 
The data are downloaded from the IBM that controls the data acquisition system and 
converted to Macintosh format. Once loaded into a spreadsheet, a saturation temperature is 
calculated based on the inlet pressure of the refrigerant. The amount of inlet subcooling is 
then calculated as the difference between the inlet saturation temperature and the actual inlet 
temperature. Data recorded during the system warm-up is removed and the remaining data 
runs are separated form each other so that they may be copied into a graphing routine. 
Once in the graphing package, the data are plotted to show how the mass flow rate changes 
with inlet subcooling for each particular inlet pressure and tube combination. 
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Chapter 9 
Condensation Results 
This chapter presents the results of the condensation study. The two aspects of 
condensation performance that are evaluated are pressure drop and refrigerant-side heat 
transfer coefficient for condensation in a 3/8-in. 00 mircogrooved tube. 
9.1 Pressure Drop 
Because the temperature at which a refrigerant condenses is defined by the local 
pressure, knowledge of the pressure drop behavior is essential to define refrigerant-side 
heat transfer performance. Also, because the driving potential for condensation is the 
temperature difference between the relat.ively cool air outside of the heat exchanger and the 
hot refrigerant on the inside, as the pressure in the condenser decreases, so does the heat 
transfer driving potential. For this reason, the pressure drop characteristics of the 
alternative refrigerants is an extremely important consideration. 
Pressure drop data has been obtained for t\velve refrigerants, four mass now rates, 
three condensing temperatures, three oil concentrations, and five qualities, in an enhanced 
tube. The pressure drop data is presented on 45 graphs, one for each refrigerant/oil 
concentration/condensing temperature combination. Also, for the seven refrigerants tested 
at three condensing temperatures and at three oil concentrations, two additional pressure 
drop versus quality graphs are shown for the mass now rate of 250 Ibm/hr data; 
i) comparing the data from oil concentrations of 0%, 1 %, and 3% and ii) comparing the 
data from condensing temperatures of 110 OF, 125 OF, and 140 oF. 
9.1.1 Comparison of Refrigerants 
Because the pressure drop trends resulting from changing mass now rates and from 
the addition of oil are similar for all refrigerants, one typical case was chosen to illustrate 
the relative behavior of the various refrigerants. Figures 9.1 and 9.2 show the pressure 
drop pcr unit lcngth as a function of quality for R22 and R502, along with appropriate 
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1.0 
alternatives. respectively. To facilitate comparisons. only the cases of refrigerant nowing 
with 1 % oil at 250 Ibm/hr (3.72x 105 Ibm/ft2-hr or 509 kg/m2-sec) are shown. 
Because the slopes of the various pressure drop lines are different, the pressure-
drop order depends on the quality examined. Because most of the condensation pressure 
drop occurs while the quality is high, the refrigerants are compared at a quality of 0.8. The 
list of refrigerants, in descending order of pressure drop, is 25/0175/0, R 134a, 30/10/60/0, 
R22, R407C, 60/40/0/0, and R410A. R22 and R407C have essentially identical pressure 
drops. Also, it is not surprising that 2510175/0 and R134a have similar pressure drop 
characteristics, as 2510175/0 is 75% R134a. R410A (50/SO/0/0) is a reformulation of 
60/40/0/0, and thus has a similar pressure drop performance. Also, R407C (23/25/52/0) is 
a reformulation of 30/ 10/60/0, but with a more drastic change in composition. 
Figure 9.2 shows the pressure drop comparison of R502 and its possible 
replacements. With the same reasoning applied here as for the R22 graph, the list of 
refrigerants in order of descending pressure drop is 20/40/40/0, R507, R502. 10/45/0/45, 
and R404A. R502 and R507 have pressure drops that are nearly identical. 
The best predictor of pressure drop seems to be the vapor density. Two factors 
contri bute to the magnitude of the vapor density; i) the pressure at which condensation 
occurs and ii) the molecular weight of the refrigerant. Refrigerants with higher saturation 
pressures and higher molecular weights have a higher density vapor, and thus a lower 
vapor velocity for a given mass now rate. It is the lower vapor velocity that reduces the 
frictional pressure drop. Other factors, such as liquid and vapor viscosity and liquid 
density playa contributing role, but the vapor density is the dominant parameter. Table 9.1 
shows the molecular weight, saturation pressure, and vapor density at 125 OF for the four 
refrigerants used to make the blends. Table 9.2 shows the saturated vapor densities at 
125 OF of the 12 refrigerants tested. 
As can be seen in Figure 9.1 and Table 9.2, R134a and 25/0175/0 have the highest 
pressure drops and the lowest vapor densities. R410A has the highest vapor density and 
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the lowest pressure drop. The rest of the R22 alternatives fall into place depending on their 
vapor density. The RS02 alternatives do not follow this trend quite as nicely, but the vapor 
densities of four of the replacements are so close together that other effects become the 
detcrmining factor. 
Table 9.1 Molecular weight, saturation pressure, and vapor densities at 
125 OF of the four refrigerants used to make the various blends. 
Molecular Weight Saturation Pressure Vapor Density 
Ref rigeranl [lmb/lbmol] [psia] [lbm/ft3] 
R32 52.02 473.2 5.69 
R125 120.03 379.1 12.19 
R134a 102.03 199.8 4.22 
R143a 84.04 346.7 7.21 
Table 9.2 Vapor densities at 125 OF of the 12 refrigerants tcsted. 
Density Density 
Refrigerant : Ref rigcrant [lbm/ft3] [lbm/ft3] 
R22 5.54 R502 8.47 
R134a 4.22 R507 8.75 
OISOIOISO 
R410A 8.25 R404A 8.27 
SOl501010 0/4415214 
f/J/40/0/0 7.61 10/4510145 8.59 
R407C 5.65 20/40/40/0 6.45 
23/25/5210 
30/10/60/0 5.10 
25/017510 4.62 
.. 
In general, then, it is safe to assume that of the refrigerants with significantly 
different vapor densities, the ones with the higher vapor densities will have lower pressure 
drops. As the densities shown in Table 9.1 indicate, increasing the proportion of R125 
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decreases the pressure drop of a refrigerant blend and increasing the proportion of R134a 
increases the pressure drop. 
To make the values on the 45 pressure drop graphs easier to compare to data of 
other experimenters, the measured pressure drop is normalized by the length of the test 
section. In this fashion, the pressure drop is presented as dP/dz [psi/ft]. For each of the 
45 cases, five qualities and four mass flow rates, resulting in 20 data points, were 
obtained. ShO\vn on each graph are the five data points for each mass now rate and a linear 
fit through them. For the sake of brevity, we shall not discuss each graph individually, but 
rather note general trends and any significant departure from these trends. 
For the lowest flow rate of 75 Ibm/hr (31.0 Ibm/ft2-s or 152 kg/m2-s), the 
magnitude of the pressure drop across the test section is about 0.1 to 1.0 psi depending on 
the refrigerant and the quality being tested. Higher qualities generate higher pressure 
drops. Because the uncertainty in the pressure drop measurement is ±O.lS psi, most of the 
low now rate pressure-drop data have relatively large uncertainties. Also, because of the 
magnitude of the measurement uncertainty, the resolution of reported pressure drop values 
is rounded to the nearest tenth of a psi. This results in extremely large uncertainties in the 
measured pressure drop for low /low rates at low qualities. For this reason, the 75 Ibm/hr 
pressure drop data and their associated penalty factors are not as reliable as those at the 
higher ma<;s now rates 
Figures 9.3 through 9.47 show how the pressure drop changes with quality for 
each of the refrigerants and each of the four mass now rates. As expected, higher mass 
now rates and qualities result in higher pressure drops. Not apparent on these graphs is the 
decrease in pressure drop as quality increases past 0.S5. Previous researchers (dc Souza, 
1995, Ponchner, 1995) have found that above a.quality of about 0.S5 the pressure drop per 
unit length actually decreases with increasing quality. This is attributed to the liquid film 
being extremely thin or nonexistent at high qualities. It is believed that surface waves on 
the liquid film are the key factor for enhancing pressure drop in two-phase /lows. When 
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Figure 9.12 Pressure drop per unit length as a function of quality for R134a, 140 OF, 1 % oil 
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Figure 9.13 Pressure drop per unit length as a function of quality for R407C, 110 OF, 1 % oil 
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Figure 9.14 Pressure drop per unit length as a function of quality for R407C, 125 OF, 0% oil 
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Figure 9.15 Pressure drop per unit length as a function of quality for R407C, 125 OF, 1 % oil 
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Figure 9.16 Pressure drop per unit length as a function of quality for R407C, 125 OF, 3% oil 
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Figure 9.17 Pressure drop per unit length as a function of quality for R407C, 140 of, 1% oil 
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Figure 9.18 Pressure drop per unit length as a function of quality for R4IOA, 110 of, 1 % oil 
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Figure 9.19 Pressure drop per unit length as a function of quality for R41OA, 125 OF, 0% oil 
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Figure 9.20 Pressure drop per unit length as a function of quality for R41OA, 125 OF, 1 % oil 
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Figure 9.21 Pressure drop per unit length as a function of quality for R41OA, 125 of, 3% oil 
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Figure 9.22 Pressure drop per unit length as a function of quality for R4 lOA , 140 of, 1 % oil 
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Figure 9.23 Pressure drop per unit length as a function of quality for 25/0/75/0, 125 OF, 0% oil 
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Figure 9.24 Pressure drop per unit length as a function of quality for 25/0/75/0, 125 OF, 1 % oil 
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Figure 9.25 Pressure drop per unit length as a function of quality for 30110/6010, 125 of, 0% oil 
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Figure 9.26 Pressure drop per unit length as a function of quality for 30110160/0, 125 of, 1 % oil 
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Figure 9.27 Pressure drop per unit length as a function of quality for 60/40/010, 125 of, 0% oil 
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Figure 9.28 Pressure drop per unit length as a function of quality for 601401010, 125 of, 1 % oil 
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Figure 9.29 Pressure drop per unit length as a function of quality for R502, 110 of, 1 % oil 
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Figure 9.30 Pressure drop per unit length as a function of quality for RS02, 125 of, 0% oil 
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Figure 9.31 Pressure drop per unit length as a function of quality for R502, 125 of, 1 % oil 
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Figure 9.32 Pressure drop per unit length as a function of quality for RS02, 125 OF, 3% oil 
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Figure 9.33 Pressure drop per unit length as a function of quality for RS02, 140 OF, 1 % oil 
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Figure 9.34 Pressure drop per unit length as a function of quality for R507, 110 OF, 1 % oil 
187 
R507, 125°F, 0% oil 
1.0 
--75 Fit 
,...-, 
-- 150Fit 
c:t::: 
-- 250 Fit :::;. 0.8 Vl -- 400 Fit 
P. 0 75 Data 
'--' 
N 0 150 Data 
-0 A 250 Data 
-
p... 
-0 
0.6 0 400 Data 
p. 
0 
H 
Q 0.4 
cl.) 
3 
Vl 
Vl 
cl.) 
H 0.2 p... 
6. 
A 1I 0 0 0 -e-
0.0 0 0 I G 
0 i 
0.0 0.2 0.4 0.6 0.8 1.0 
Quality, x [-] 
Figure 9.35 Pressure drop per unit length as a function of quality for R507, 125 of, 0% oil 
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Figure 9.36 Pressure drop per unit length as a function of quality for R507, 125 of, 1 % oil 
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Figure 9.37 Pressure drop per unit length as a function of quality for RS07, 125 of, 3% oil 
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Figure 9.38 Pressure drop per unit length as a function of quality for R507, 140 of, 1 % oil 
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Figure 9.39 Pressure drop per unit length as a function of quality for R404A, 110 of, 1 % oil 
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Figure 9.40 Pressure drop per unit length as a function of quality for R404A, 125 of, 0% oil 
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Figure 9.41 Pressure drop per unit length as a function of quality for R404A, 125 OF, 1 % oil 
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Figure 9.42 Pressure drop per unit length as a function of quality for R404A, 125 OF, 3% oil 
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Figure 9.43 Pressure drop per unit length as a function of quality for R404A, 140 of, 1 % oil 
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Figure 9.44 Pressure drop per unit length as a function of quality for 20/4D/4D/O, 125 of, 0% oil 
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Figure 9.45 Pressure drop per unit length as a function of quality for 20/4D/4D/O, 125 of, 1 % oil 
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Figure 9.46 Pressure drop per unit length as a function of quality for 10/45/0/45, 125 OF, 0% oil 
c:: 
-CIl 
c.. 
N 
-0 
n: 
-0 
0... 
o 
L.. Q 
<U 
L.. 
::l 
CIl 
CIl 
<U 
L.. 
0... 
10/4510/45, 125°F, 1 % oil 
1.0 r '--,--'-. -~-.-•• ,--.~- ---- .--,---.--.,--.-'~- ,-'-.' ... - --····-·--1 ~ • I , . ., 
I .-_.- 75 Fit i --- 150 Fit I 
I __ 2.'iO Fit I O.~ !,.-'--~rit i 
I I 
r I 
L I 
0.6 ;. -II 
~ 
f· ' L 1 
I 
0.4 f --- I 
I ~._----:-------- 1 
I. ______ I 
O.2! ... _---~-----~_=---~,,----- 1 
0.0 t q:=:~:=~.~;~~:~; .-----~;~~:~-.=-~-=;,. ""I 
0.0 0.2 0.4 0.6 O.X 1.0 
Quality, x [-I 
Figure 9.47 Pressure drop per unit length as a function of quality for 10/45/0/45, 125 OF, 1 % oil 
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the liquid film is thin, the surface waves are small, resulting in a small increase in pressure 
drop resulting from these waves. As the film thickness approaches zero, the pressure drop 
approaches that of single-phase vapor. This phenomenon is not seen in our data because 
the smallest quality change in this region is from 1.0 to 0.67. For such a wide quality 
range, the decreased pressure drop associated with the highest qualities may be confounded 
by the higher pressure drop of the intermediate quality. The de Souza correlation predicts 
the decrease in pressure drop starting at an average quality of about 0.95, and this only 
holds true if the change in quality (Xin-Xout) is very low. Also, for the experimental cases 
with oil present, an oil film will always coat the walls at high qualities, thus maintaining 
some surface waves and thus the correspondingly higher pressure drop. 
The effect of oil on pressure drop is best shown in Figures 9.48 through 9.54. At 
high qualities, the addition of oil tends to increase the pressure drop. This is very 
understandable as a thick film on the wall should produce a higher pressure drop than if no 
film or a very thin film were present. As anticipated, the 3% oil mixture consistently 
results in the highest pressure drop at high qualities, followed by the 1 % oil mixture and 
then the oil-free refrigerant. At low qualities, where most of the flow is liquid, the 
presence of a small percentage of oil is not expected to erfect the pressure drop 
significantly. However, the addition of 1 % oil consistently results in a lower pressure drop 
for low qualities. Increasing the oil concentration to 3% oil seems to lower the pressure 
drop further, although this trend is not as clear. 
The possible explanations for the pressure-lowering phenomenon center around the 
interactions occurring at the liquid-vapor interface. The presence of oil haC) two main 
effects on the mixture properties: i) increased liquid viscosity and ii) increased liquid 
surface tension. Both of these effects tend to reduce the surface waves and thus the 
interface drag, although the effect on viscosity may in fact be nearly insignificant. Burton 
(1995) shows that the viscosity of a rcfrigemnt-oil mixture changes only slightly from that 
or the pure refrigerant at oil concentrations below about 30%. As the oil concentration 
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Figure 9.48 Pressure drop per unit length as a function of quality for R22, 125 of, 250 Ib/hr 
R134a, 125°F, 250 Ibm/h r 
-<>--0% oil 
--<>- 19'0 oil 
--39'0 oil 
0.3 
o 
0.2 
0 0 
0.1 6 
0. 
0.0 
0.0 0.2 0.4 0.6 0.8 1.0 
Quality, x [-] 
Figure 9.49 Pressure drop per unit lengtli as a timction of quality for R134a, 125 of, 250 Ib/hr 
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Figure 9.50 Pressure drop per unit length as a function of quality for R407C, 125 of, 250 Ib/hr 
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Figure 9.51 Pressure drop per unit length as a function of quality for R41OA, 125 of, 250 Ib/hr 
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Figure 9.52 Pressure drop per unit length as a function of quality for R502, 125 of, 2.50 lb/hr 
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Figure 9.53 Pressure drop per unit length as a function of quality for RS07, 125 of, 2.50 lb/hr 
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Figure 9.54 Pressure drop per unit length as a function of quality for R404A, 125 OF, 2501b/hr 
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increases, the viscosity rapidly approaches that or the oil. For an oil concentration or 3% 
and qualities below 50%, the maximum possible oil concentration in the liquid is 6%. At 
such low oil concentrations, the liquid viscosity will be similar to the refrigerant viscosity. 
This being the case, it seems unlikely that the change in viscosity will affect the pressure 
drop significantly. In an attempt to test this, the de Souza pressure drop model was run for 
R22 condensing under typical conditions. The liquid viscosity was then increased by 
factors of 2,5, 10, 20, and 50, with the predicted pressure drops plotted as a function of 
quality. The trend predicted by the de Souza correlation is the exact opposite of what was 
observed experimentally; the predicted pressure drop increased at low qualities and 
decreased at high qualities .. It is not surprising that the correlation breaks down at high 
qualities, \vhere the addition of an oil film on the wall is not accounted for in the de Souza 
moocl, but it was hoped that the correlation might help explain the decreasing pressure drop 
as the liquid viscosity increased. These findings indicate that the presence of oil affects the 
mechanisms of two-phase flow in ways that arc not accounted for by simple models. 
There seems to be a physical interaction involved here that is not dependent solely on the 
n uid properties. Modeling the nature of the liquid-vapor interface may be necessary to 
accurately predict the effect of oil on refrigerdnt pressure drop. 
Very little is known about the surface tension of liquid mixtures. It is known that 
the surface tension of a typical refrigerant is about 2-10 times smaller than LhaL of the oil. 
Without mixture data, however, it is difficult to speculate what affects the change in surface 
tension will have. 
The effect of temperature on condensation pressure drop is best shown in graphs 
9.55 through 9.61. These figures clearly show that pressure drop increases as the 
condensing temperature increases. This clTect is due primarily to the change in condensing 
pressure, and thus the vapor density, of the flowing refrigerant. As the saturation 
temperature increases, so does the pressure, thus increasing the vapor densi ty and 
decrea<;ing the vapor velocity and frictional pressure drop. 
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Figure 9.59 Pressure drop per unit length as a function of quality for RS02, 1 % oil, 250 lb/hr 
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Figure 9.60 Pressure drop per unit length as a function of quality for RS07, 1 % oil, 250 lb/hr 
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Figure 9.61 Pressure drop per unit length as a function of quality for R404A, 1 % oil, 250 lb/hr 
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9.1.2 Comparison to a Smooth-tube Pressure Drop Correlation 
As mentioned, all of the data were obtained in an enhanced tubc. This being the 
case, a direct comparison between actual smooth-tube and enhanced-tube pressure drop 
data is impossible. The de Souza (1992) pressure drop correlation was chosen to predict 
the smooth-tube pressure drop "data" to be used when calculating penalty factors (PF). 
This correlation was chosen because it has been verified by other researchers (Sweeney, 
1995). 
For the twelve refrigerants tested, smooth-tube pressure drop values were obtained 
rrom the de Souza correlation and compared to the measured values, thus allowing the 
calculation of penalty factors for each refrigerant. The penalty factors for R22 and R502, 
and their possible alternatives are shown in Figures 9.62 through 9.64, respectively. It is 
clear rrom these graphs that the de Souza correlation is not very successful when applied to 
condensation of refrigerant mixtures. Even though this is the case, and thus the absolute 
values of the PF's ror the refrigerant mixtures may not be valid, the variation in PF as the 
mass nux changes is consistent. Figures 9.65 through 9.67 show the PF's nonnalized so 
that the PF at 250 Ibm/hr is equal to 1.40. For reasons explained earlier, the measured 
values at the lowest mass nux have extremely large uncertainties. Figures 9.65 through 
9.67 reveal that the PF scems to be the largest for a mass nux of about 60 Ibm/ft2-s and 
then decreases with increasing mass nux. Table 9.3 shows the PF's at the various mass 
nuxes for the refrigerants tested. The highest mass nux studied here of 165 Ibm/ft2-s (810 
kg/m2-s), which results from the mass flow rate of 400 Ibm/hr, is higher than any value 
found in thc pressure drop literaturc. For this reason, there is no direct comparison 
available for these values. 
The penalty factors found here arc consistent with those reported previously by 
Schlager, eL al. (1990) and Eckels and Pate (1991). In general, the penalty factors for R22 
and R 134a range from about 1.3 at a mass nux of 31.0 Ibm/ft2-s (152 kg/m2-s), increase 
to about 1.6 at a mass nux of 62 Ibm/ft2-s (305 kgim2-s), and then fall to about 1.3 at the 
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Figure 9.67 "Normalized" penalty factors as a function of mass nux for R502 and alternatives 
highest mass nux or 165 Ibm/rt2-s (809 kg/m2-s). There are mixed reports in the literature 
concerning the nature or the PF dependence on mass nux (Eckels, el al. 1994, Schlager, el 
aL. 1989, Eckels and Pate, 1991). Eckels and Pate (1991) report that the PF r or R 12 
increases rrom 1.3 to 104 as the mass nux increases rrom 31 Ibm/rt2-s to 61 Ibm/rt2-s. 
For the same change in mass nux, they round the PF ror R134a decreases rrom 1.8 to 1.4. 
Table 9.3 Penalty ractors ror all 12 rerrigerants at the rour mass nuxes. 
Mass Rux [lbm/rt2-sl 
31 62 103 165 
R22 1.29 1.64 1.46 lAS 
R134a 1.38 1.47 1.36 1.26 
R407C 0.98 1.26 1.30 1.10 
R410A 0.38 0.86 0.89 0.88 
(fJ/40/0/0 1.08 1.17 0.90 0.91 
30/1O/(fJ/0 1.26 1.21 1.43 1.08 
25/0n5/0 0.80 1.35 1.32 1.09 
R502 2.39 1.69 1.57 1.10 
R507 1.36 1.35 1.19 0.96 
R404A 1.07 0.89 0.93 0.91 
10/45/0/45 1.79 0.90 1.02 0.88 
20/40140/0 1.26 1041 1.24 1.02 
9. L.3 Development or a Pressure Drop Correlation 
The enhanced tube used in the condensation study has an inner diameter or 
0.351 in. and 0.OO8-in. high fins. Ir the rins are taken to be "roughness," the relative 
roughness or the tube is 0.008/0.351 = 0.0228. However, because the rins are not 
random, but rather orrer a very ordered roughness, it was anticipated that a relative 
roughness value or 0.023 would be too large. In:1I1 attempt to determine an equivalent 
relative roughness to be used in pressure drop calculations, measurements were taken ror 
water nowing through the same type or tube. 
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In this experiment, the microfinned tube was connected directly to the tap water 
supply and the inlet (gage) pressure was measured for a series of different now rates. 
Since the exit pressure is essentially atmospheric, the inlet gage pressure is also the 
pressure drop across the tube. To minimize the effect of entrance losses, the tests were 
performed on a 20-ft length of tube. The mass now rate was measured using the bucket 
and stopwatch method wherein the outnow of the tube is collected in a bucket for a 
measured amount of time. The ratio of mass collected to time elapsed is the mass now rate. 
From the inlet gage pressure, mass now rate, water properties, and tube dimensions, a 
friction factor was found for each mass now rate. Data were obtained for inlet pressures 
ranging from 6.75 psig to 43.75 psig, resulting in Reynolds numbers ranging from 12,()(X) 
to 37,000. The data are shown in Table 9.4. The friction factors were calculated from a 
Table 9.4 Water now data used to dctennine an equivalent roughness. 
Pin Mass Flow Rate Reynolds Friction Factor Relative 
[psig] [Ibm/hr] Number Roughness 
6.75 818 12406 0.0477 0.0153 
8.5 918 13933 0.0476 0.0157 
9.0 978 14845 0.0444 0.0126 
10.5 1053 15972 0.0447 0.0132 
12.25 1120 16993 0.0461 0.0148 
13.0 1178 17870 0.0442 0.0130 
18 1386 21032 0.04423 0.0134 
25.25 1706 25882 0.0410 0.0108 
35.75 2056 31202 0.0399 0.0102 
.. 
39.5 2206 35457 0.0389 0.0091 
43.5 2324 37342 0.0386 0.0089 
43.75 2332 37484 0.0385 0.0089 
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single-phase now pressure drop correlation. From the friction factors and Reynolds 
numbers, a mcx:lified Churchill correlation was then used to calculate the relative roughness 
for each mass now rate. The results are shown in Figure 9.68. It is apparent that the 
relative roughness is a function of Reynolds number. The data were then re-analyzed, 
searching for the best single value for roughness and a constant penalty factor. For the 
range of Reynolds examined, the best fit gives a penalty factor of 1.70 and a roughness of 
zero. The liquid Reynolds numbers for the refrigerants are in the same range as was tested 
with water. 
The de Souza correlation (1992) was then used to calculate the pressure drop for 
full condensation, given a friction factor of 1.70 times the smooth lube value. Figure 9.69 
shows how well the mcx:lified correlation predicts the pressure drop for pure R22 and 
R 134a, the only single component refrigerants tested. The correlation tends to over predict 
pressure drop by about 20%. The friction factor multiplier was then adjusted to find the 
best agreement between measured and calculated values. Figure 9.70 shows the results of 
running the de Souza (1992) correlation with the friction factor multiplied by 1.45. This 
adjustment improves the accuracy of the modified correlation dramatically. The average 
absolute deviation from the measured pressured drop when using a friction factor multiplier 
of 1.45 is less than 8.5%. The experimentally determined friction factor was for the singlc-
phase flow of water through the tubing. In the condensation studies, however, a two-
phase mixture was flowing through the tube, and a two-phase now friction factor is 
calculated. This fundamental difference may account for the discrepancy between the 
measured friction factor and the "best" friction factor for the condensation results. 
9.2 Heat Transfer Performance 
Because we rely on calculated pressures and two-phase temperature-pressure 
relationships to determine the condensing temperature along the test section, the pressure 
profile must be reasonably well known before heat transfer coefficients may be calculated. 
From the pressure profile, nine loeal heat transfer cocfficients are calculated for each unique 
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Figure 9.70 Comparison of pressure drop data and the de Souza correlation with a friction factor of 1.45 x smooth tube 
test condition. The resulting heat transfer coefficients are shown on 180 graphs, shown in 
Figures 9.71a-d to 9.115a-d, each of which represents a unique combination of refrigerant, 
condensing temperature, mass flow rate, and oil concentration. Plotted on each graph are 
the local heat transfer coefficients for condensing lengths of 18.5 ft, 37 ft, and 55.5 ft, for 
a total of 9,720 unique data points. The 18.5-ft condensing length data is very smooth and 
consistent. The 37.0-ft and 55.5-ft condensing length data, however, show increasing 
scatter as the heat flux decreases. The reason for the increased scatter is due to the 
decreasing difference in both the water tempemture across each 2-ft length (from which the 
mte of heat transfer is calculated) and the temperature difference between the refrigerant and 
the water (from which the thermal driving potential is defined). For the lowest mass flux 
and lowest heat flux, corresponding to a 55.5-ft condensing length, the average measured 
change in water temperature along a 2 ft. "local" test section is less than 0.2 oF. Because 
we base the calculated rate of heat transfer on the change in water temperature, large 
uncertainties arise when calculating heat transfer coefficients for the lowest heat flux 
conditions. For this reason data for the 55.5-ft condensing length shows a huge amount of 
scatter. As with the pressure drop data, heat transfer comparisons will be made and trends 
discussed, but not on a case-by-case basis. 
9.2.1 Comparison Across Refrigemnts 
Because of the extremely large number of different test configumtions, it is virtually 
impossible to compare all cases. For this reason, when comparisons are made for one 
parameter, others are held constant. For example, Figures 9.1 16a&b and 9. 117a&b show 
the heat transfer coefficients for R22 and its alternatives at mass fluxes of 150 Ibm/hr and 
400 Ibm/hr, respectively. All of the data shown in these figures is for a 125 OF condensing 
lempemture, 0% oil, and an 18.5-ft condensing length, with each graph showing one mass 
flow rate. To present a comparison of refrigerants for different mass flow rates, oil 
concentrations, condensing temperatures, and heat fluxes, thousands of graphs would be 
required. For R22 and its replacements, shown in Figure 9.116a, there is very little 
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Figure 9.72a-d Condensation heat transfer coefficients as a function of quality for R22 at 125 of and 0% oil 
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Figure 9.73a-d Condensation heat transfer coefficients as a function of quality for R22 at 125 of and 1 % oil 
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Figure 9.74a-d Condensation heat transfer coefficients as a function of quality for R22 at 125 OF and 3% oil 
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Figure 9.7Sa-d Condensation heat transfer coefficients as a function of quality for R22 at 140 OF and 1 % oil 
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Figure 9.76a-d Condensation heat tmnsfer coefficients as a function of quality for R134a at 110 OF and 1 % oil 
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Figure 9.77a-d Condensation heat transfer coefficients as a function of quality for R134a at 125 OF and 0% oil 
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Figure 9.78a-d Condensation heat transfer coefficients as a function of quality for R134a at 125 of and 1 % oil 
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Figure 9.79a-d Condensation heat transfer coefficients as a function of quality for R134a at 125 OF and 3% oil 
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Figure 9.94a-d Condensation heat transfer coefficients as a function of quality for 30/10/60/0 at 125 OF and 1 % oil 
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Figure 9.95a-d Condensation Heat transfer coefficients as a functton of quahty lor 25/0/75/0 a1125 F and 0% oil 
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Figure 9.96a-d Condensation heat transfer coefficients as a function of quality for 25/0175/0 at 125 of and 1 % oil 
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Figure 9.97a-d Condensation heat transfer coefficients as a function of quality for R502 at 110 OF and 1 % oil 
~ 
......., RS02, 125°F, 0% oil, 7SIbm/hr 
~ 3000 •. --'---~--~~~-r--~~~~r-~--~ 
• l 2500 
~ 2000 
..... 
C 
<1.l 
;g 1500 
<+-< 
<1.l 
o 
U 1000 I-< 
~ 
til 
~ 500 
f--< 
° 18.5 fL condo length 
a 37.0 fL condo length 
A 55.5 ft condo length 
A 
° 0 0 AOO 
A 
° ",0 0 
'" A", 
o 
Ll 
A 
A 
° a 
o A 
° 
o 
OJ 0 
° A a tJJ 
A A ~ 
<1.l 
::r: 
°A 
o toeA i> • • • • • • I'" . I 
'" cf 
cf A 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
Quality [-J 
......., RS02, 125°F, 0% oil, 250 Ibm/hr 
~ 3000 •• --~~r-~~-r--~~r-~---r--~~ 
~ 
i 
t:!l 
~ 
..... 
c:: 
<1.l 
2500 
2000 
° 18.5 ft condo length 
a 37.0 ft condo length 
A 55.5 ft condo length 
;g 1500 
<+-< g 
U 1000 I-< 
'" A 
'" 
A 
o 
'" 0'" A ° '" ~ 
til 
~ 
(;j 
<1.l 
::r: 
a 0>. '" 
500 ~o A cO b A tiJbDg 0'" 0 0 '" "'C'. 
o 
° 
o 0 0 a 
o cP d' 
o I ! ! ! ! ! ! ! ! ! • 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
Quality [-J 
......., RS02, 125°F, 0 % oil, 150 Ibm/hr 
~ 3000.~--~~--~--~~~~--~~~~~~ 
• M 
<t:: 
i 
o::l 
..... 
C 
<1.l 
2500 
2000 
;g 1500 
...... 
<1.l 
o 
U 1000 
I-< 
~ 
° 18.5 fL condo length 
o 37.0 ft condo length 
A 55.5 ft condo length 
A 
A 
a 
A o 
til 
~ bJ 500 ~ OA III 0 ° 0 A ° A £) 0AQA ° A 0 A 0 A A A t-
A A 
00 OJ a", A 
° 
A A 
A 0 
00 '" Cl 
o 
(;j 
<1.l o! !!!!!!!!! 
::r: 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
G:' 
° ~ 
i 
o::l 
~ 
..... 
C 
<1.l 
Quality [-] 
RS02, 12soF, 0% oil, 400 Ibm/hr 
3000,. --~--r-~~-r--~--r-~---r--~~ 
2500 
2000 
° 18.5 fL condo length 
o 37.0 ft condo length 
A 55.5 ft condo length 
;g 1500 
...... 
<1.l 
o A 
U 1000 
I-< '" A 
o a ~ ~t.. 
AO A 
~ 
til 
~ 500 
~ A lll>o 0 
° "'J;J nJ.A CL 
'" tJ AOO ",.....,.0 OAUA 
A 0 A 
(;j 
<1.l 
::r: 
o! ! ! ! ! ! ! ! ! ! I 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
Quality [-] 
Figure 9.98a-d Condensation heat transfer coefficients as a function of quality for R502 at 125 of and 0% oil 
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Figure 9.99a-d Condensation heat transfer coefficients as a function of quality for R502 at 125 OF and 1 % oil 
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Figure 9.100a-d Condensation heat transfer coefficients as a function of quality for R502 at 125 OF and 3% oil 
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Figure 9.101a-d Condensation heat transfer coefficients as a function of quality for R502 at 140 OF and 1 % oil 
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Figure 9.102a-d Condensation heat transfer coefficients as a function of quality for R507 at 110 OF and 1 % oil 
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Figure 9.103a-d Condensation heat transfer coefficients as a function of quality for R507 at 125 OF and 0% oil 
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Figure 9.104a-d Condensation heat transfer coefficients as a function of quality for R507 at 125 OF and 1 % oil 
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Figure 9.105a-d Condensation heat transfer coefficients as a function of quality for R507 at 125 OF and 3% oil 
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Figure 9.106a-d Condensation heat transfer coefficients as a function of quality for R507 at 140 OF and 1 % oil 
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Figure 9.107a-d Condensation heat transfer coefficients as a function of quality for R404A at 110 OF and 1 % oil 
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Figure 9.108a-d Condensation heat transfer coefficients as a function of quality for R404A at 125 of and 0% oil 
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Figure 9.09a-d Condensation heat transfer coefficients as a function of quality for R404A at 125 OF and 1 % oil 
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Figure 9.11Oa-d Condensation heat transfer coefficients as a function of quality for R404A at 125 OF and 3% oil 
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Figure 9.111a-d Condensation heat transfer coefficients as a function of quality for R404A at 140 OF and 1 % oil 
tv 
gj 
20/40/4010, 125°F, 0% oil, 75 Ibm/hr 
~ 3000~1 ~~~~~~~~~~~~~~~~ 
° I N ..... 
4-< 
~ 2500 
..... 
e. 2000 
..... 
c:: 
v 
~ 1500 
4-< g 
U 1000 
~ 
~ 
til 
§ 500 
~ 
~ 
v 
::r:: 
° 18.5 ft condo length 
a 37.0 ft condo length 
A 55.5 ft condo length 
A 
A 
A 
A ° a Q... aA ~ 
a A'd a Act> \f A 0'" a CO 
a 
A a 
0.0 ° ° 0 
a a AA 
AA AA 
II 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
Quality [-] 
,....., 20/40/4010, 12soF, 0% oil, 2S0 Ibm/hr 
l;L< 3000 r-r ---r-",---,,---,--.-~-r-~T""""""'~~-r----r-"'---'r-""--' 
I 
N ..... 
4-< 
~ 2500 
CO 2000 
..... 
c:: 
v 
~ 1500 
4-< g 
U 1000 
~ 
~ 
til 
§ 500 
~ 
° 18.5 ft condo length 
° 37.0 fl condo length 
A 55.5 ft condo length 
d A AO A (3. A a a a 
'b A'il A a 'b A A a A A d' A a A a 
A A 0 ° _A A °A 
o ° ~ ° ° a 
q. A 
a 
A 
20/40/4010, 125°F, 0 % oil, 150 Ibm/hr 
~ 
o 
3000~r ~~~~~~~-.~~~~~~~~ 
I 
N 
4:: 
.~ 
2 
CO 
..... 
c: 
v 
2500 
2000 
~ 1500 
4-< g 
U 1000 
~ 
<H 
til 
§ 500 
~ 
..... 
a 
° 18.5 ft condo length 
a 37.0 ft condo length 
A 55.5 ft condo length 
A 
A A A A A 
A 
A A 
A 
A 
° a Q, ° 
0 0 0A9. A
O ~ C\5J ° COAA 
° AOO A A 
° l> A A A 
° A 
rf. 
o 
ro 
V 
::r:: ~~O 0: 1 0:2 0:3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
Quality [-] 
,....., 20/40/40/0, 12soF, 0% oil, 400 Ibm/hr 
l;L< 3000" ---r-"'---'r-""--.-~.-~r-~~-r----r-"'---'r-""-' 
N 
4:: 
~ 2500 
2 
CO 
..... 
c: 
v 
2000 
~ 1500 
4-< g 
U 1000 
~ 
<H 
til 
§ 500 
~ 
£l 
o 18.5 ft condo length 
° 37.0 ft condo length 
A 55.5 ft condo length 
A 
A 
A q. OA A 
A ()A 
AO ° A 00' 
A OJ A ° 
° 
A 
A A ° A o Q. pA0~ 0 
° 8- A ° 
A A 
..... f ..... ~ ~'O 0: 1 0:2 0:3' 0:4 0:5 0:6 0:7 0:8 0:9 1.0 ~ ~.O 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
Quality [-] Quality [-] 
Figure 9.112a-d Condensation heat transfer coefficients as a function of quality for 20/40/40/0 at 125 OF and 0% oil 
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Figure 9.113a-d Condensation heat transfer coefficients as a function of quality for 20/40/40/0 at 125 OF and 1 % oil 
?l 
10/45/0/45, 125°F, 0% oil, 75 Ibm/hr 
~ 3000~i ~~~~~~~~~~~~~~~~ 
i 
N.;:: 
~ 
'3 
.... 
a:l 
.......... 
.... 
c: 
u 
2500 
2000 
;g 1500 
t..., g 
U 1000 
1-0 
~ 
Vl 
~ 500 
~ 
.... ("j ~ ~.O 
~ 
a 
a 18.5 ft condo length 
a 37.0 ft condo length 
A 55.5 ft condo length 
A 
A 
A 
A 
a 
A 
~rf E2 
A 'b a a 
a 0 a A a 
A A A A A 
A 
a 
a 
111 0 a A~ 
A A A 
a 
A 
a a 
a 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
Quality [-] 
10/45/0/45, 125°F, 0% oil, 250 Ibmlhr 
~ 3000~i ~~~--~--~~--~--~~~~~ 
I 
.... ;:: 
~ 2500 ~ 
~ 2000 
.... 
c: 
u ;g 1500 
t..., g 
U 1000 
1-0 
~ 
Vl 
~ 500 I A ~ 
.... 
a 18.5 ft condo length 
a 37.0 ft condo length 
A 55.5 ft condo length 
A 
A A 
A Q.l.AG. a A&, 
,pAq,A 4)0 aAA 
a a a 
a 
A 
A Aa A 
a ~<i3 aOA 
a 
~ 10/45/0/45, 12soF, 0% oil, 150 Ibmlhr 
~ 3000~i ~~~~~~~~~~~~~~~~ 
I 
N 
.;:: 
~ 2500 
a:l 2000 
.... 
c: 
4..> 
~ 1500 
t..., g 
U 1000 
1-0 
~ ~t Vl 
~ 500 
~ 
.... ("j 
u 
::r: ~ 
o 18.5 ft condo length 
a 37.0 ft condo length 
A 55.5 ft condo length 
" A 
A A a 
a A A C&. AA a a 
"a,f a A J!5" a 
a 
" 
A 
A a 0 0 0 0"0 
a A" cPA " a a a 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
Quality[-] 
10/45/0/45, 125°F, 0% oil, 400 Ibmlhr 
3000'i~'---~~~~~~~~~~~~-r~ G:' 
a 
I 
........ 
...... 
~ 
rE 
;:l 
a:l 
.......... 
.... 
c: 
u 
2500 
2000 
~ 1500 
...... g 
U 1000 
1-0 
~ 
Vl 
~ 500 
~ 
.... 
a 18.5 ft condo length 
a 37.0 ft condo length 
" 55.5 ft condo length 
A " A 
A a '2. a" 
'b ADAcpA"~D"aO 
A a 
A 
" 
A 
a 1.0 a 
a a 0 a a" 
0 0 QJA" 
A A 
" 
~ 
u 
::r: 
~ ~~O 0: 1 0:2 0:3 0:4 0:5 0:6 0:7 0:8 0:9 1 ~O ~ ~ - - 0.9 1.0 
Quality [-] Quality [-] 
Figure 9.1 14a-d Condensation heat transfer coefficients as a function of quality for 10/45/0/45 at 125 of and 0% oil 
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Figure 9.115a-d Condensation heat transfer coefficients as a function of quality for 10/45/0/45 at 125 OF and 1 % oil 
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Figure 9.1100. Heattmnsrer coerricients or R22 and alternatives at 125 OF, 0% oil, and 150 Ib/hr 
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Figure 9.116b Heat transrer coerricients or R22 and altcrnativcs at 125 OF, 0% oil, and 400 Ib/hr 
264 
1500 
1000 
500 0 
...... 
o R22 
o 25/0n5/0 
A 30/10/60/0 
o 60/40/0/0 
08 
~o A~ 
A 
00> 
A 
0 
~ 0 
0 0 0 0 0 A 0 0 
0 A A A 
~ OL-~~~~~~-J~~~~~~~-L~~~~ 
~ 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
QuaE ty [-] 
Figure 9.117a Heat transfer coefficients of R22 and alternatives at 125 of, 0% oil, and ISO lb/hr 
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Figure 9.117b Heat transfer coefficients of R22 and alternatives at 125 of, 0% oil, and 400 lb/hr 
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difference in heat transfer coefficients. At 150 Ibm/hr, R134a shows the best heat transfer 
performance, followed by R22, and finally the mixtures. At 400 Ibm/hr, however, the 
performance of the mixtures R407C and R410A have improved enough to be very similar 
to that of R22. For the other R22 alternatives, shown in Figure 9.1 17a&b, 2510175/0 and 
60/40/0/0 out-performs R22 at both the high and low mass fluxes. 
Figures 9.118a&b show the same analysis for RS02 and its potential replacements. 
At ISO Ibm/hr, the performance of R502 is essentially the same as the alternatives, but at 
400 Ibm/hr R507, 20/40/40/0, and 10/45/0/45 all perform essentially the same, followed by 
R404A and finally R502. 
9.').2 Effect of Mass Flow Rate 
As expected, the heat transfer coefficients increase with mass flux. Figures 9.119 
and 9.120 show the effect of mass flow rate on heat transfer coefficient for R22 and 
R407C condensing at 125 OF with 0% oil. Comparison of the two graphs shows that the 
heat transfer performance of the R407C mixture increases more rapidly with mass flow rate 
than does the heat transfer performance of R22. Figure 9.121a-d shows the effect more 
clearly. At 75 Ibm/hr, the heat transfer coefficients of R407C are significantly lower than 
those of R22. As the mass flux increases, however, the performance of R407C 
approaches that of R22, and essentially equals it at 400 Ibm/hr. This trend showing the 
performance of mixtures increasing more strongly with mass flux than the single 
component refrigerants is consistent throughout the data. It is believed that this result is 
due to the increasing turbulence as the mass flux increases, thus reducing the concentration 
gradient that builds up as the less volatile component of a zeotropic refrigerant mixture 
condenses preferentially. 
9.2.3 Effect of Oil 
Because the addition of oil affects the saturation temperature-pressure relationship, 
it is very difficult to evaluate its effect on heat transfer coefficients without direct refrigerant 
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Figure 9.11Sa Heat transfer coefficients of R502 and alternatives at 125 OF, 0% oil, 150 lb/hr 
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Figure 9. I I8b Heal transfer coefficients of R502 and alternatives at 125 OF, 0% oil, 400 Ib/hr 
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Figure 9.119 Heat transfer coefficients of R22 at 125 of, 0% oil 
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Figure 9.120 Heat transfer coefficients of R407C al 125 of, 0% oil 
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Figure 9.121 The effect of mass now rate on the heat transfer coefficients of R22 and R407C 
temperature measurements. When oil is added to a refrigerant, the saturation pressure of 
the mixture becomes lower than that of the pure refrigerant. If the pressure at which 
condensation proceeds is held constant, as it is in our tests, then the addition of oil raises 
the two-phase temperature. It has been suggested that, for condensation, raising the 
saturation temperature may prove to be beneficial to overall performance even though the 
heat transfer coefficient may decrease. The beneficial aspect of the addition of oil results 
from an increased temperature difference between the refrigerant and the other heat 
exchange fluid (usually air). However, because these tests are designed to extract heat 
transfer coefficients, the saturation temperature is corrected for the addition of oil, and 
therefore the beneficial aspect of increased condensation temperature will not be apparent 
from our findings. 
As mentioned, the condensing temperature is adjusted from the value predicted by 
the equation of state by a measured offset to compensate for the effect of oil. These 
offsets, shown in Table ~.3, can be as high as 2.5 OF when only 3% oil is present. 
Although this offset is accounted for, the oil concentration of the liquid changes with 
quality, and so must the actual condensing temperature. Because of these additional 
complications, the heat transfer coefficients presented for refrigeranUoil mixtures may have 
larger uncertainties than the oil-free cases. 
Figures 9.122 and 9.123 show the effect of oil on heat transfer coefficients for R22 
and R134a, for a condensing temperature of 125 OF and a mass flow rate of 150 Ibm/hr. 
For R22, no trend with oil concentration is evident, but with R134a there is a clear decrease 
in heat transfer coefficient as the oil concentration increases. Figures 9.124 and 9.125 
show similar graphs for RS02 and R404A. Again, there is very little difference between 
the oil and the oil free data. Only at very high qualities, where the walls will be either dry 
or covered with a very thin liquid, is the heat transfer coefficient consistently lowered by 
the presence of oil. 
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Figure 9.122 The effect of oil on heat transfer coefficient for R22 at 125 OF and 150 Iblhr 
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Figure 9.123 The effect of oil on heat transfer coefficient for R134a at 125 OF and 150 Ib/hr 
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Figure 9.124 The effect of oil on heat transfer coefficient for R502 at 125 of and ISO lb/hr 
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Figure 9.125 The effect of oil on heat transfer coefficient for R404A at 125 OF and ISO lb/hr 
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9.2.4 Effect of Heat Rux 
Because of the large scatter in the lowest heat flux data at the lower mass flow rates, 
it is difficult to determine whether or not a significant trend exists. From examining the 
data for the two higher flow rates, where there is considerably less scatter in the low heat 
flux data, it appears that there is no difference in heat transfer performance for the three heat 
fluxes. This finding is consistent with that of Ponchner (1995) and Dobson (1994). 
9.2.5 Effect of Condensing Temperature 
Figures 9.126a&b and 9.127a&b show how the heat transfer coefficient changes 
with condensing tempemture for R22 and RI34a. At high qualities the lower temperatures 
yield slightly higher heat transfer coefficients. This trend may be due to the lower vapor 
densities, and thus higher vapor velocities at a given quality. Although the lower 
temperatures have slightly higher heat transfer coefficients, they also result in significantly 
higher pressure drops. At qualities below about 0.6, the three temperatures yield 
indistinguishable heat transfer coefficients. 
9.2.6 Enhancement Factors 
When evaluating the enhancement factor (EF) offered by the microgrooved tubing, 
defined here as the heat transfer coefficient in the enhanced tube based on the area of a 
smooth tube divided by the heat transfer coefficient of a smooth tube, we again find 
ourselves handicapped by the lack of smooth tube data. In this instance, the Dobson 
(1994) correlation is used to predict the smooth tube heat transfer coefficients for 
companson. Dobson's correlation results from data for R22, R 134a, R410A and 
60/401010 condensing in 3.14 and 7.04 mm (0.124 and 0.277 in.) ID tubes at temperatures 
of 35 and 45 °C (95 and 113 oF) and mass fluxes ranging from 26 to 800 kg/mA2-s (5.32 to 
163.6 Ibm/ftA2-s, but the highest mass flux in the 7.04 mm tube was 132.9 Ibm/ftA2-s). 
Although these ranges approximately equal those of the present study, we examined a 
larger tube (0.351 in. ID), at a higher temperature (125 OF for the oil free case) and more 
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Figure 9.127b Heat transfer cocfficients of R134a at ISO lb/hr and 1 % oil 
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mixtures, including many ternary blends. To further complicate matters, the wavy flow 
correlation presented by Dobson, to be used when the mass flux is below 10 1 Ibm/ft"2-s 
and Frso is less than 20, requires wall temperature measurements. Because of the 
extremely thin walls of the microgrooved tubing (0.012 in.), making accurate wall 
temperature measurements is not possible. The wavy correlation is only recommended for 
qualities below 0.55 and 0.45 for the mass fluxes of 31.0 and 62.1 Ibm/ft"2-s, 
respectively. However, because this data were taken in an enhanced tube with helical 
grooves, it is believed that the transition to annular flow occurs at a significantly lower 
quality than in a smooth tube. Sweeny, el al. (1995) reports predominantly annular flows 
for a mass flux of 61.3 Ibm/ft"2-s in a similar lUbe. This is roughly equivalent to our mass 
flux of 62.1 Ibm/ft"2-s, for which using the annular flow correlation below qualities of 
0.45 was questionable. In light of Sweeny's flow regime analysis, we have confidence in 
using Dobson's annular flow correlation for the entire range of quality for that mass flux. 
Remaining questionable, however, is using the correlation for the lowest mass flux of 31.0 
Ibm/ft"2-s. 
Figures 9.128 through 9.139 show the enhancement factors for the twelve different 
refrigerants tested condensing at 125 OF with 0% oil. Each figure shows how the 
enhancement factor changes with quality for each of the four mass fluxes. Two consistent, 
yet unexpected, trends become evident when examining these figures. The first is that the 
enhancement factors for the lowest flow rate tend to be slightly higher than expected, often 
staying above 2.0 for the entire quality range. This is not much higher than published 
values, as will be seen in the following sections. The other unexpected finding is that the 
enhancement factor continues to decrease as the mass flux increases. This work includes 
higher mass fl uxes than have been previously reported. I t has been recognized that the 
enhancement factor does decrease with increasing mass flux, but it was not expected to fall 
much below 1.55, the area rdtio for this tube to a similar smooth tube. It is clear from these 
findings that the enhancement factor does in fact drop below 1.55, and continues to fall 
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~ 
,...--, 
~ 
u:l 
'--'" 
~ 
0 
.+--J 
() 
cj 
~ 
.+--J 
c:: tv (j) 00 
I..Jl E 
(j) 
U 
c:: 
cd 
..c 
c:: 
~ 
III 
~ t--!---
or 
~ I-
I 
r 
III I-
N ~-
o I-
• 1'-Nt 
I 
1-
~ t-
o 
..---< 
In 
o 
t-
r--- -,---! 
o 
o 
[J 
LJ 
" 
tC. 
',' 
t, 
o l~ __ '--__ --'-_______ ~ __ l ___ _ 
o 
0.0 0.2 
R507 
-! ---. '----l-----T-·-
!) 
o 
~~ j 
0 
Ll 
.:-
t-. 
',' Li 
, '1 
o 0=31.0 Jbm/ftJ\2-s \1 
o 0=62.1 Jbm/ftJ\2-s ' 
0= 1 03.4 J bmlftJ\2-s 
0= 165.5 J bmlftJ\2-s 
,', 
'" 
o 
G 
lJ 
[J 
\., 
o 
.':. 
I 
--I 
I 
:1 
I 
1 
1 
-1 
h 
(. 
--I 
-, 
~ 
i , 
I j 
__ J, _____ l ____ ' ___ L _____ • _____ L ____ 1 __ ___ L_J 
0.4 0.6 0.8 1.0 
Quality ex) [-] 
Figure 9.136 Enhancement factors for pure R507 at 125 of as a function of quality 
-, 
I 
'---..I 
~ 
~ 
UJ 
'---" 
\-... 
0 
~ 
u 
cd 
~ 
~ 
N c:: 
Ct) 00 
E 0\ 
Ct) 
U 
c:: 
cd 
...c 
c.:: 
UJ 
o 
,..,... [-·----r---.----
'" , 1-' --1------' . 
t 
1II1 
. I 
N I_ 
f" 
,. 
i , 
I-
N! I' 
.0 
1II 
.--< 
,. 
, 
l o I 
~I 
I 
lilt 
o I-
i 
1-, 
[J o 
(, 
1\ 
o 
o 
t... __ , ____ i _____ , ___ 1 __ --'-_ 
0.0 0.2 
,) 
~ . ~ 
. L_ 
R404A 
..-- r -- -- -,- --'-",-- --- -, ----- -; ---
I 
--'''--, 
; 
.1 
() 
() 
8 
'.' 
C! 
(, 
t:. 
t _. I. _ I __ . _ . . L _ _ 1" __ . 
0.4 0.6 
Qua 1 it Y (x) l_ - J 
:) 
o G=31.0 I bm/ft"2-s I 
[) G=62.1 Ibm/ft"2-s 1 
.:. G= 1 03.4 I bmlft"2-s I 
L. G = 165.5 I b rnfft"2-s -! 
8 
" 
o 
u CI 
" 
:\ 
, 
-I 
I 
--I 
I 
I 
1 
I 
- i 
I 
-I 
I 
1 
.:J' 
'.' I 
L --I 
! 
-1 
I 
! , 
! 
. ~ 
i 
'1 
1 
1 
L ___ .~ , .. _ .L_ .. _1 
0.8 1.0 
Figure 9.137 Enhancement factors for pure R404a at 125 OF as a function of quality 
0; 
"'I 
In t-
'7 N i 
'----.. I 
~ I ~ >-
lW 'C: f--
'-" N I 
I-. , 
o t-
..j..J t 
() t 
cd In i-~ ~;-
~ I ~ E 0 \-(1) .......: () I t=: , 
cd ~_ 
..c f 
t=: In I 
W 0 l 
l 
i 
° t_ 
o 
0.0 
r-----r 
() 
[J 
'.' 
!'. 
(> 
o 
20/40/4010 
r-----' --- ,-----!- - r--- r------, 
o 
o l' 
[) 0 0 
t> < .. 
[J 
'-.. 
t, r. 
L. 
-----1----- -- 'r-- -- -r ----- ~. -- ---1--
-,- ----1 
o 
u 
£:, 
I 
0=31.0 Ibm/fu'2-s \' 
0=62,1 I bm/ftJ\2-s 
0=103.4 Ibm/ftJ\2-s I 
0=165.5IbmfftJ\2-s --I 
~----------------~I 
-I j 
-I 
-I 
I 
0 
(] () 
l~ 
!I 
j 
1 , 
-I 
1 
_l ______ L. _____ , ______ l ____ t ______ .L_ ...... .1 ______ .: __ • __ L _____ L ____ 1 ___ . L____ _ ___ 1. _____ 1 .. _ .j 
0.2 0.4 0.6 0.8 1.0 
Quality ex) [-J 
Figure 9.138 Enhancement factors for pure 20/40/40/0 at 125 of as a function of quality 
r---: 
I 
\..-....J 
r---.. 
~ 
r..w 
'--'" 
l-. 
0 
-+-oJ () 
cO 
~ 
-+-oJ 
C ~ 1.) 00 E 
1.) 
() 
c 
cO 
...c 
c 
~ 
o 
(Y') i--
I 
r 
I 
I 
I 
In t 
• f Nt 
r-
.0 r N r-
t 
I 
t 
In r 
. I 
....... 1 
I 
I 
I 
I 
=1 
[ 
i 
~[ 
o j-
I 
! 
;-----r -- -:-- ------ r -
o 
o 
[J 
i-, 
(] 
<:. 
(, 
(, 
10/45/0/45 
- -; -- ---~------ ~.-- ---I' -- - -T--- - -; ------; ---- - j-- ---,.--- ---- r- ---- ,- --- -- I 
1 
;:~) 
o 
[) 
fJ 
L, 
o G=3 1.0 I bm/ftA2-s i 
[) G=62.1 \bm/ftA2-s I 
G = \ 03.4 I b m/ftl\2-s I 
/, G=165.5 \bmlftI\2-s --
________ --11 
o 
.:- II 
L. 
(/ 
i. 
o () 
[J 
" 
L, 
-\ 
1 
-I 
i 
__ J 
I 
I 
I 
! 
-j 
C!_j 
I 
1 
I 
i 
1 
'·'-1 
I 
I 
·1 
I 
I 
~j 
I 
o r  , ______ ,. ______ L. _____ L_ --! __ I.. ___ 1. ______ I _______ L ___ _ -1 _ .. L-____ ,-- _____ .L __ . __ L ____ L ______ 1. ______ 1 
0.0 0.2 0.4 0.6 0.8 1.0 
Quality ex) t-J 
Figure 9.139 Enhancement factors for pure 10/45/0/45 at 125 OF as a function of quality 
below 1.0. Why the EF drops below one is unknown, but two possible explanations are 
presented: i) The correlation used to predict smooth tube heat transfer coefficients is not 
valid at such a high mass flux and ii) due to a centrifugal force resulting from the flow 
rotation, mist droplets are "thrown" onto the liquid surface. In the second scenario, a 
thicker liquid film results as liquid is deposited from the vapor core onto the liquid annulus. 
This thicker liquid film may be responsible for increased resistance to heat flow, resulting 
in decreased heat transfer coefficients. 
Other than the high enhancement factors at low mass fluxes and low enhancement 
factors at high mass fluxes, the results for the intermediate mass fluxes behave as 
anticipated; the enhancement factor decreases with mass flux and is slightly higher at 
extremely low and high qualities than at intermediate values. These findings are consistent 
with those of Ponchner (I99S). 
To find the enhancement factor for full condensation based on the nine local 
enhancement factors, a weighted average, as shown in Equation 9.1, is calculated. The 
(9.1) 
enhancement factor from each two-foot section is multiplied by the rate of heat transfer for 
that section, and the sum of these additions is divided by the rate of heat transfer for the 
entire 18.S-ft test section. The resulting average enhancement factors are show in 
Table 9.S. The same data are shown in Figures 9.140 through 9.142. Figure 9.140 
shows the average enhancement factors for R22, R134a, R407C, and R410A for the four 
different mass fluxes. Figure 9.141 shows the enhancement factors for R22 and the other 
mixtures, and Figure 9.142 shows the enhancement factors for RS02 and all of its 
alternatives. All three of these figures show more deviation, from refrigerant to refrigerant, 
at the lower mass fluxes, but they all coalesce very nicely at the highest mass flux. These 
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Figure 9.142 Enhancement factors for pure RS02, R507, R404a, 10/45/0/45, and 20/40/40/0 at the four mass fluxes 
large deviations may be due to three factors: i) the extremely low temperature differences 
that exist both in the water side temperature change (defining ~q) and between the 
refrigerant and the water (defining thermal driving potential) that result when the refrigerant 
mass flow rate is low results in a much higher uncertainty in the corresponding heat 
transfer data, ii) the lowest mass flux is below that which Dobson recommends as the 
cutoff for using his annular flow correlation, and/or iii) there actually is a larger deviation 
between refrigerants at low mass fl uxes than at high mass fl uxes. Of the three suggested 
explanations, it is believed the second one, that the annular flow correlation tends to under 
predict heat transfer coefficients for wavy flows, is responsible for the greatest contribution 
to the large deviations. 
Table 9.5 Enhancement factors for all refrigerants condensing at 125 OF with 
0% oil at the four mass fluxes. 
31.0 62.1 103.4 165.5 
[I bm/ftA2-s 1 [lbm/ftA2-s1 [I bm/ftA2-s 1 [lbm/ftA2-s1 
R22 2.2 1.50 1.12 0.94 
R134a 2.8 1.65 1.32 0.84 
R407C 1.40 1.184 0.98 0.91 
R410A 1.98 1.25 1.01 0.88 
60/40/0/0 1.68 1.33 1.08 0.83 
30/10/60/0 1.49 1.18 1.00 0.86 
25/017510 1.64 1.37 0.95 0.96 
-
R502 2.59 1.70 1.35 1.13 
R507 2.58 1.40 1.15 1.03 
R404A 2.08 1.24 1.04 0.94 
10/45/0/45 1.99 1.34 1.09 0.95 
20/40/40/0 1.49 1.28 1.03 0.96 
293 
Although the highest mass flux data coalesces nicely, there is some question 
concerning the applicability of the Dobson correlation at such a high mass flux. For a 
given intermediate mass flux, the differences between the predicted and measured Nusselt 
numbers are both positive and negative, showing no sign of a systematic deviation. The 
highest mass flux studied by Dobson in the 7.04 mm tube was 133 Ibm/ft"2-s. At this 
mass flux, the correlation shows signs of losing its robustness. The deviations from 
measured values become polarized at his highest mass flux. For example, R134a shows an 
average deviation of +7.1 % at qualities below 0.5, and R410A has an average deviation of 
-5.4% across the entire quality range, with ten out of ten differences being negative. These 
deviations are not bad themselves, but they may become magnified as the correlation is 
used outside of the range it was developed for. 
·For these reasons it is believed that the two intermediate mass fluxes, 62.1 and 
103.4 Ibm/ft"2-s, show the most reliable enhancement factors. The actual heat transfer 
coefficients for the highest mass flux are reliable, but the predicted smooth tube heat 
transfer cocfficien l<; may not be, thus corrupting the enhancement factors. 
Figures 9.143 and 9.144 show how the enhancement factors for R22 and R134a 
compare to those of other researchers. They also show the wide range of mass fluxes 
examined in this study compared to the narrow ranges of others. Figure 9.143 shows the 
average enhancement factors for R22 at the four mass flow rates compared to those of 
Schlager (1990). It is clear that the two data sets do not follow the same trend. Our 
enhancement factors decrease more rapidly than those of Schlager, leaving a large gap 
between the data at 103 Ibm/ftA2-s. Figure 9.144 shows a similar comparison for R 134a. 
There arc two data sets to compare the R134a data to, that of Eckels (1991) and Ponchner 
(1995), and they both agree with the rapidly decreasing enhancement factor. There is 
disagreement here, however, wi th the nature of the enhancement factor at very low mass 
/luxes. Our data shows a much higher enhancement factor for the lowest mass flux, but 
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Figure 9.143 Enhancement factors for pure R134a from this study and thsoe of Eckels and Ponchner 
this may be due to the limitations of the smooth tube correlation. Because of the agreement 
within the R134a data set concerning the rate at which the enhancement factor decreases 
with increasing mass nux, we have confidence in the similar curve for the R22 data, even 
in light of Schlager's results. 
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Chapter 10 
Capillary Tube Results 
This work introduces a new and revealing experimental technique for obtaining 
capillary tube data. It is believed that with this new approach, much of the "randomness" 
that has traditionally been associated with capillary tube mass flow rate data will be 
eliminated. 
10.1 Justification and verification of experimental technique 
Early data were taken for R-22 flowing through a 0.049-in. capillary tube. The 
data shown in Figure 10.1 were collected for eight different levels of subcooling with a 
constant inlet pressure corresponding to a "condensing temperature" of 110 oF. The three 
data points with the lowest subcooling appear to be on one line whereas the remaining five 
data points seem to lie on a second distinct line. One can easily visualize a transition of 
some sort between these two lines at a subcooling of approximately 12 to 13 OF, although 
the exact nature of such a transition cannot be determined from these data alone. Moreover, 
one cannot be sure that subcooling is the controlling variable here. Perhaps time plays a 
role or maybe whether steady state is approached from a starting point of greater or lesser 
subcooling is important. To address these unresolved issues and answer the perplexing 
questions inherent in these data, a new experimental technique was developed. 
In an attempt to capture more information about these phenomena, all of the data for 
a given condensing temperature and tube ID are taken in one continuous run. At fIrst, this 
was accomplished with the following steps: i) the PRT was set to the desired temperature 
and held constant, ii) the SST was set to a temperature 25 OF cooler than the PRT, thus 
setting the inlet subcooling at 25 OF, and iii) the SST was heated slowly, reducing the 
subcooling to zero over the course of about two hours. The resulting data, consisting of 
120 (or so) data points, represents 120 different levels of subcooling for the given 
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30 
condensing temperature. When plotted as shown in Figure 10.2, it becomes very clear 
where jumps occurred, how big they were, and how each stale point was reached. Also 
shown in Figure 10.2 are the data from Figure 10.l. 
The same data run was repeated several times with R-134a to test for 
reproducibility. The results are shown in Figure 10.3, where the arrow indicates the 
direction of changing subcooling as the data were taken. It is clear that there is some 
variability in where the data starts (high subcooling), and how it proceeds as the subcooling 
is reduced. How the initial 25 OF of subcooling was reached was slightly different each 
time, even though a similar procedure was followed. If this accounts for the differences, it 
seems the mass now rate for a given condition is in fact a function of the path taken to 
arrive at that state point. 
For given condenser and evaporator pressures, the mass now rate passing through 
a capillary tube is proportional to the length of the two-phase (or liquid, since the length of 
the tube is fixed) now region. If, for example, the nash point moves towards the entrance 
of the tube (due to an increasing refrigerant inlet temperature decreasing the amount of 
subcooling at the inlet), the two-phase region will lengthen, resulting in a decreased mass 
now rate. As the nash point moves towards the exit of the tube the length of the two-phase 
region decreases, and the mass now rate increases. The question, then, is does the length 
of the liquid region depend on how the particular state point was reached? 
To answer this question, we considered a capillary tube operating such that the 
refrigerant nashes when the pressure falls below the saturation value. In this case, there is 
no metastable region and the pressure and temperature in the tube will look something like 
the solid lines in Figure lOA. The x-axis represents the distance into the capillary tube and 
the y-axis is temperature. As a high pressure liquid refrigerant nows through an adiabatic 
capillary tube, its temperature remains constant while the pressure drops. As the pressure 
falls below the saturation value, the refrigerant may nash. From this point on, the actual 
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temperature of the refrigerant is the saturation value, and thus the lines on the graph 
overlap. 
If the inlet refrigerant temperature were raised, reducing the amount of subcooling, 
the situation may become similar to the horizontal dashed line just above the solid line. In 
this case, it is possible for the onset of flashing to be delayed until the location of the 
previous nucleation site. If this occurs, a metastable region will be created, as is indicated 
on the graph by the dashed horizontal line to the right of the solid saturation temperature 
line. 
If, however, the inlet refrigerant temperature is reduced, increasing the amount of 
subcooling, the situation may become more like the lower dashed line. In this case, 
flashing cannot occur at the old flash point because the liquid is sub-cooled at that location. 
Therefore, the flash point must move towards the exit of a capillary tube as the inlet flow is 
cooled. 
If the above two l1ypotheses concerning heating and cooling the inlet flow of an 
operating capillary tube are correct, the location of the flash point in a capillary tube, and 
thus the mass flow rate, may in fact depend on how the particular state point was achieved. 
To test this hypothesis, data "loops" were collected with R-134a, where the 
subcooling started at 25 OF, was reduced to zero (two-phase at the inlet was observed), and 
then was increased to 25 OF by cooling the SST. The first time this was performed, a 
double "loop" (25 OF subcooling to 0 OF subcooling to 25 OF subcooling to 0 OF subcooling) 
was recorded over about eight hours. As shown in Figure 10.6, several interesting 
features become evident when the data are plotted. The arrows on the graph indicate the 
direction in which the subcooling was changing. The data show that the paths 
corresponding to the subcooling increasing and decreasing do in fact go through very 
different mass flow rates, forming a hysteresis cun·e. For this particular refrigerant-tube 
combination, the mass flow rate for a given state point while the subcooling is decreasing 
can be as much as 4lbm/hr (8%) higher than the same conditions while the subcooling is 
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30 
increasing. This result is attributed to the fact that as the subcooling is decreasing, it is 
possible to create and lengthen a metastable region, in which liquid flow exists where it 
might otherwise be two phase. Because of the pressure drop resulting from liquid flow is 
much smaller than that of a two-phase mix, the mass flow rate is increased when a 
metastable region is present. 
To check whether or not this result is an artificial creation due to the fact that the 
system was never truly at a steady-state condition, the SST was held at a constant 
temperature for 10-15 minutes during the second loop. If the hysteresis effect is a result of 
never achieving a steady-state condition, the mass flow rate will change slowly as time is 
spent at a constant amount of subcooling. As the graph shows, the mass flow rate does not 
change as a result of holding the SST temperature constant, indicating that steady state is in 
fact reached for each of the data points recorded. The steady-state check was performed on 
both the increasing and decreasing subcooling paths of the second loop, and can be seen 
clearly in Figure 10.5 at ai?out 7 OF subcooling. 
Another interesting observation is that the decreasing subcooling lines do not 
overlap very well, but the increasing subcooling lines do. Because the initial state points 
for the two decreasing subcooling paths were arrived at differently, the resulting mass flow 
rates may differ. The increasing subcooling lines, however, overlap extremely well. The 
good agreement is due to the fact that the starting points were arrived at identically; two-
phase at the capillary tube inlet with the subcooling increasing. Also of interest is the 
slopes of the two different paths. It is clear that the decreasing subcooling path has a much 
shallower slope that the increasing subcooling lines. This is consistent with the theory that 
the location of the flash point may not move as the subcooling is decreased, thus having a 
smaller affect on the change in mass flow rate. The question, then, is which scenario most 
resembles an actual vapor-compression system? 
When a vapor-compression system shuts down, the evaporator is the coldest point 
in the system and the condenser is among the warmest. Hence, at shut-off, the charge 
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tends to migrate to the evaporator, leaving vapor in the condenser. At start-up, the vapor 
from the condenser is forced through the capillary tube. As the high-side pressure 
increases, the condenser begins to liquefy portions the flow. Therefore, at start-up, first 
vapor, then two-phase, and finally liquid flow is present at the inlet of an operating 
capillary tube. For this reason all of the data presented here were taken in an increasing 
subcooling condition, always starting with two-phase at the inlet and cooling the SST until 
25 OF of subcooling was attained. To gather more information on the hysteresis behavior 
for other refrigerants, "loop" data were obtained for every refrigeranUtube combination at 
110 OF Also, for the case of R-22 flowing through the 0.049-in. capillary tube, "loops" 
were obtained at all three inlet pressures. 
10.1.1 Wall Temperature Measurements 
To record the capillary tube's temperature profile, early studies were completed 
with 36-gage, Type-T thermocouples epoxied to the tube every 4.5 in. A typical graph, 
including wall temperature measurements, is shown in Figure 10.6. For clarity of 
presentation, the axes of this graph are different than the axes of earlier ones. During this 
time the data were still being recorded while decreasing the amount of inlet subcooling. 
"Tcap1" measured the tube wall at the inlet, "Tcap11" at the exit, "Tcap10" 4.5 in. 
upstream from the exit, etc. Discontinuities in the mass flow rate occur at about 80, l75, 
and 245 min. into the run. If these discontinui ties are the resul t of the flash point jumping, 
and a thermocouple happened to be located in an area that was jumped over, a dramatic 
temperature drop is expected as the flow at that location goes from single-phase liquid to 
two-phase. As the graph shows, appropriate thermocouples do in fact drop in temperature. 
It was too hard to believe that the thermocouples were placed in exactly the right 
places to catch each jump. To test this, another thermocouple, "T cap9.5," was added. The 
data run was repeated and is shown in Figure 10.7. The new data set has many 
discontinuities that were not present before the additional thermocouple was added. It 
looks as though, for example, the flash point oscillated around "Tcap9.5." Both the 
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refrigerant mass flow rate and the temperature of "Tcap9.5" fluctuate with each other 
perfectly. Might this be more evidence for capturing a metastable jump? Or is the presence 
of the epoxy bead and/or a thermocouple wire somehow affecting the flow? 
To investigate the possibilities further, liquid crystal paint was used to observe the 
wall temperature of the tube while recording data. All of the epoxy was removed before 
painting a tube with liquid crystals sensitive to temperatures between 84 OF and 92 oF. 
When the liquid crystals are in this temperature range, they turn blue, green, white, or red, 
depending on what temperature they are. Three small epoxy beads, without thermocouple 
wires, were placed on the tube in an area where the jumps were thought to occur. While 
the same flow conditions were repeated, the capillary tube was video-taped. The resulting 
video clearly shows a sharp temperature gradient move upstream as the subcooling was 
decreased. The color bands, which indicate temperature, seem to get "stuck" just 
downstream of the epoxy bead. After pausing for a while, the color bands quickly move to 
the upstream side of the epoxy bead, indicating an abrupt change in the location of the flash 
point. 
These results indicate that the placement of epoxy beads does in fact affect the 
performance of a capillary tube. Due to the thin walls, imbedding the thermocouples in the 
capillary tube wall is impossible. Because the best possible mass flow rate measurements 
were of interest, all of the wall thermocouples and residual epoxy were removed before 
data were collected. 
The nature of the relationship between the epoxy beads and the jumps in mass flow 
rate remains a mystery. It has been speculated that the epoxy may act as a fin, increasing 
heat transfer with the surroundings and increasing longitudinal conduction. Also, the 
epoxy may act as a relatively large thermal reservoir, requiring extra cooling as the two-
phase regime moves past it. Further studies, involving specific "epoxy bead" tests, will be 
required to determine the epoxy/mass flow rate interaction. 
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10.1.2 Pressure Measurements alon~ the Capillruy Tube 
Because pressure taps also have the ability to affect the mass flow rate, only the pre 
and post test section pressures were measured. It is believed that pressure taps provide 
excellent nucleation cites, and therefore may reduces the length of the metastable region, 
resulting in lower mass flow rates. Melo, et al. (1995) examined the effect pressure taps 
have on the mass flow rate. The same tube was tested before and after having pressure 
taps installed. They found that the presence of pressure taps reduced the mass flow rate by 
about 6%. There is a fair amount of scatter in the data, but on average, the capillary tube 
with pressure taps delivers lower flow rates. With or without pressure taps, they conclude 
that "the underpressure of vaporization has a random behavior for the same operating 
conditions." It is believed that the "random" behavior they, and other capillary tube 
researchers have observed may be nothing more than a dependence on the path taken to 
achieve each particular state point. We have found that the mass flow rate as a function of 
subcooling and tube parameters is very reproducible, as long as the data are obtained in an 
appropriate manner. 
10.2 Length of the Metastable Regions 
The capillary tube data are presented on nine graphs, each one representing three 
condensing temperatures for each refrigerant and tube combination. 
When looking at Figures 10.8 through 10.19, it becomes clear that for a given 
amount of subcooling, a range of possible mass flow rates exists. For example, in Figure 
10.10, for the case of 90 OF condensing temperature, there are three different mass flow 
rates at about 15 OF of subcooling. The lowest one corresponds to no metastable region, 
the highest one corresponds to the longest metastable region, and the intermediate value 
results from a collapse of the longest metastable region to a that of a smaller value. It is 
important to recognize that at a given level of inlet subcooling the mass flow rate may be 
any value between those corresponding to no metastable region and the maximum possible 
metastable region. 
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Figure 10.11 R-134a flowing through the 0.039-in. capillary tube 
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Figure 10.15 R-407C flowing through the 0.042-in. capillary tube 
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Figure 10.16 R-407C flowing through the 0.049-in. capillary tube 
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Figure 10.17 R-410A flowing through the 0.039-in. capillary tube 
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Figure 10.18 R-41OA flowing through the 0.042-in. capillary tube 
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Figure 10.19 R-41OA flowing through the 0.049-in. capillary tube 
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To estimate the lengths of the metastable regions, a capillary tube model developed at the 
University of Illinois is used to estimate the liquid and two phase lengths under various 
flow conditions. Because the model does not allow for a metastable region, the length of 
the metastable region is approximated in the following way: First, the model is used to 
generate curves that predicted the liquid lengths and mass flow rates as a function of inlet 
subcooling. Then, from the actual da~a, the three mass flow rates that occurred at a given 
amount of subcooling are used to calculate the liquid length of the lowest mass flow rate 
(no metastable region) and the "equivalent" amount of subcooling required to obtain the 
two higher mass flow rates. From the equivalent subcooling values, appropriate liquid 
lengths are calculated. When these three liquid lengths are compared, the difference 
between the shortest and the longest corresponds to the longest metastable region, and 
therefore the highest mass flow rate. The length of the metastable region after the collapse 
is taken to be the difference between the liquid length resulting from the intermediate mass 
flow rate and the shortest liquid length. 
For the case referred to above, R-22 flowing through a 0.049-in. capillary tube, the 
metastable region was found to collapse from about 8.3 in. to about 5.9 in., causing the 
mass flow to decrease to 67.3 lbm/hr from 70.3 Ibm/hr. The "no metastable region" mass 
flow rate is 66.0 lbm/hr for 14.9 of of subcooling. For a similar jump that occurred within 
the R-134a data set in the 0.049-in. tube at about 9 of of subcooling, the metastable region 
collapsed from about 10.3 in. to about 5.9 in. The effect on mass flow rate was a 
reduction from 57.2 lbm/hr to 54.7 Ibm/hr. The lowest mass flow rate for 9.4 of of 
subcooling is 52.9 lbm/hr . 
Although there is some randomness surrounding when a jump occurs and how 
much the metastable region is reduced, an attempt was made to quantify the results. 
Comparisons are made between the maximum length of the metastable region and the rate 
of depressurization, dP/dz. Table 10.1 shows the inlet pressures for the four refrigerants, 
corresponding to the saturation temperatures of 90 of, 110 of, and 130 oF. R-41OA has the 
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highest saturation pressure at a given temperature, R-134a the lowest. Table 10.2 lists the 
mass flow rates for 10 of of inlet subcooling for the various "condensing temperatures." 
Because the mass flow rate is a function of inlet subcooling, a single level of subcooling 
(10 OF) was chosen to facilitate comparisons across refrigerants, pressures, and tube 
diameters. The mass flow rates were obtained from the "no-metastable-region" data sets. 
Table 10.1 Capillary tube inlet pressures for the four refrigerants tested 
Refrigerant Psat (90 OF) Psat (110 OF) Psat (130 OF) 
[psia] [psia] [psia] 
R-22 183.2 241.1 311.6 
R-134a 119.0 161.1 213.4 
R-407C 208.5 274.2 353.8 
R-41OA 288.3 378.0 486.5 
Table 10.2 Capillary tube mass flow rates at 10 OF of subcooling for the four 
refrigerants tested. 
Tsat ID Flow Rate of Flow Rate of Flow Rate of Flow Rate of R-22 R-134a R-407C R-41OA 
[oF] [in.] [lbm/hr] [lbm/hr] [lbm/hr] [lbm/hr] 
90 0.039 32 22 33 42 
110 0.039 37 27 39 49 
130 0.039 44 33 47 57 
90 0.042 40 29 43 52 
110 0.042 45 36 51 61 
130 0.042 54 43 59 69 
90 0.049 60 41 62 78 
110 0.049 70 51 74 92 
130 0.049 83 63 85 -
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Table 10.3 shows the rates of depressurization in the liquid region for the mass 
flow rates from Table 10.2 These values were obtained form a simple liquid-phase 
pressure drop equation. As the tables show, the higher the inlet pressure, the higher the 
mass flow rate and depressurization rate. When looking at both Table 10.3 and Figures 
10.8 through 10.19, it becomes apparent that the higher the rate of depressurization, the 
less the mass flow rate is affected by a metastable region. This trend is found when 
examining the hysteresis effects of the high and low mass flow rates (corresponding to 
high and low inlet pressures) for a single tube, as shown in Figure 10.10. This trend also 
becomes evident when comparing the hysteresis effect resulting from a high and low 
pressure refrigerant, as shown in Figures 10.19 (high pressure - R407C) and 10.13 (low 
pressure - R-134a). 
Table 10.3 Depressurization rates in the liquid region at 10 of of subcooling 
for the four refrigerants tested. 
Tsat ID dP/dz dP/dz dP/dz dP/dz 
[psi/ft] [psi/ft] [psi/ft] [psi/ft] 
[Of] [in.] R-22 R-134a R-407C R-4IOA 
90 .039 12.0 6.2 13.0 19.6 
110 .039 15.5 9.3 17.5 26.6 
130 .039 21.4 13.4 24.6 34.5 
90 .042 12.5 7.6 14.8 20.5 
110 .042 15.5 11.1 20.1 27.6 
130 .042 21.7 15.0 26.3 34.7 
90 .049 12.1 6.4 13.4 19.8 
110 .049 16.0 9.7 18.3 26.6 
130 .049 21.9 14.3 23.7 -
Figure 10.10 shows the only "loop" data taken at temperatures other than 110 OF. 
The mass flow rates along the increasing and decreasing subcooling lines nearly overlap for 
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the highest inlet pressure. For the lowest inlet pressure, however, a much larger deviation 
between the mass flow rates at a given level of subcooling exists. Comparing across 
refrigerants, R-410A has a much higher saturation pressure than R-134a, which leads to 
higher mass flow rates and a steeper pressure gradient in the liquid region. When 
comparing the hysteresis curves in figures 10.11 to 10 13 (R-134a) to those in figures 
10.17 through 10.19 (R-41OA), it is clear that the mass flow rate of R-134a exhibits a 
much greater hysteresis effect. 
In an attempt to quantify the maximum length of the metastable region, the 
relationship that relates underpressure to critical bubble radius, Equation 10.1, was 
examined. It is believed that the wall roughness acts as nucleation sites, and therefore the 
height of the roughnesses may correspond to the critical bubble radius. From the rate of 
depressurization and the length of the maximum metastable region, the maximum amount 
20-
Psat-P=-
rer 
(10.1) 
of underpressure (P sat - P) at the nucleation point is calculated. Equation 10.1 is then used 
to calculate the critical bubble radius. The maximum metastable region exists immediately 
preceding its collapse. This condition is indicated in Figures 10.8 to 10.19 by a sudden 
jump in the mass flow rate as the level of subcooling is decreasing. Figure 10.10 shows 
three loops for R-22, each of which contains two jumps, or indications of the metastable 
region collapsing. These six events were analyzed in an attempt to predict the wall 
roughness. The results for this analyses are shown in Table lOA. 
Although the roughness values shown in Table lOA are somewhat consistent, they 
are about an order of magnitude higher than accepted values. Part of the problem is due to 
the approximations associated with determining the liquid lengths corresponding the 
minimum and maximum metastable regions, but something else is contributing to the error. 
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Table 10.4 Calculated critical bubble radius and resulting relative roughness 
from metastable region data for R-22 in a 0.049-in. ID tube 
Inlet Pressure Critical Radius Relative Roughness 
[psia] [ft] [-] 
183.2 5.93 x 10-6 .00145 
183.2 7.64 x 10-6 .00187 
241.1 3.17 x 10-6 .00077 
241.1 3.54 x 10-6 .00087 
311.6 4.95 x lO-6 .00121 
311.6 6.00 x lO-6 .00147 
Although jumps in the mass flow rate are understandable while the inlet subcooling 
is decreasing (thus lengthening the metastable region), several jumps, which raised the 
mass flow rate, were observed while increasing the inlet subcooling. In order for this to 
occur, a metastable region has to be created where previously two-phase flow existed. The 
best examples of this are shown in Figures 1O.lO and 10.15, for the lowest inlet pressure. 
For the lowest inlet pressure in Figure lO.lO the mass flow rate increases sharply 
from 52 Ibm/hr to 57 Ibm/hr. After this jump the curve seems to be concave up, whereas 
for other "increasing subcooling" curves seem to be concave down. It is believed that once 
the metastable region is created, it is slowly destroyed as the subcooling is increased. This 
particular configuration was run many times the day after the original data were taken. The 
results are shown in Figures lO.20a and lO.20b. Figure lO.20a shows the original data 
plotted along with two additional data sets, while Figure lO.20b magnifies the same data by 
changing the axes. Figures lO.21a and lO.21b show similar results for R-407C flowing 
through a 0.042-in. capillary tube at the lowest inlet pressure. This time, as Figures 
1O.21a and 1O.21b show, three additional re-starts were attempted. 
But how can a metastable region be created where once two-phase flow existed? If 
the pressure is at or below the saturation value, and vapor bubbles with large enough 
diameters exist, the mixture will remain two phase. If no metastable region exists, 
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nucleation begins at the location where the pressure drops below the saturation value. In 
this instance, the size of the nucleation site may be approximately equal to the critical 
diameter necessary for bubbles to grow. If a pressure fluctuation increases the local 
pressure at the nucleation site enough to condense the vapor bubbles, the nucleation cite 
may be extinguished. The liquid flow will then continue downstream until a suitable 
nucleation site is found, thus creating a metastable region. The data indicate that this newly 
formed metastable region is destroyed as the level of subcooling is increased. 
The additional re-starts shown Figures 10.20 and 10.21 show that the "random" 
behavior of capillary tubes, although not well understood, may be much more predictable 
than many researches believe. Similar increases in mass flow rate can be seen in some of 
the low inlet pressure data, especially for R-134a, the refrigerant with the lowest rate of 
depressurization. 
331 
Chapter 11 
Conclusions and Recommendations 
This work explores the behavior of alternative refrigerants in tenns of both 
condensation in an enhanced tube and mass flow rate versus pressure drop in a capillary 
tube. Conclusions and recommendations are made in three main areas, i) condensation 
pressure drop, ii) condensation heat transfer, and iii) capillary tube performance 
characteristics. 
11.1 Condensation Pressure Drop 
Because changes in quality in the test section were limited to values above 0.33, it 
is difficult to speculate on the pressure drop performance as a function of quality. 
Nevertheless, we make that attempt. 
11.1.1 Pressure Drop Conclusions 
Of all the factors that contribute to the pressure drop of a two-phase flow, the 
density of the vapor dominates. This is evident when comparing the pressure drop of 
many refrigerants, different condensing temperatures, and when perfonning a sensitivity 
analysis on pressure drop correlations. This is the main reason R502 alternatives have 
lower pressure drops than R22 alternatives and why R410A has (by far) the lowest 
pressure drop of any of the R22 alternatives. 
At high qualities the effect of oil on pressure drop was predicted: higher oil 
concentrations lead to higher pressure drops. The effect of oil on pressure drop at low 
qualities, however, gave us a surprise. We found a consistent decrease in pressure drop 
with the addition of I % and 3% oil for qualities below about 0.4. Some refrigerants 
showed a dramatic decrease in pressure drop with the addition of oil (R134a), while one 
showed no decrease (R502). 
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The effect of temperature on pressure drop was also very predictable. Higher 
condensing temperatures result in higher saturation pressures and higher vapor densities, 
and thus lower pressure drops. 
The penalty factors found here are slightly higher than values reported elsewhere. 
The established trend of PF increasing with mass flux was duplicated, with the additional 
finding that at extremely high mass flow rates the PF begins to decrease once again. This 
trend is consistent throughout our data. 
The measurements of the effective roughness of the microfinned tube are the first 
known to be published. Although the discrepancy between the measured roughness and 
the optimum roughness as found from the correlation cannot be accounted for, the accuracy 
of the modified de Souza correlation is very encouraging. 
11.1.2 Recommendations for Further Pressure Drop Studies 
The two largest limitations we had when analyzing the pressure drop data are the 
relatively large changes in quality across the test section and the lack of smooth tube data 
for comparison. For example, because our lowest quality change is about 0.33, it is 
impossible to observe a decrease in pressure drop for qualities above 0.85, as other 
researchers have found. Relying on a correlation for smooth tube pressure drop values 
clearly hurt us when analyzing the mixtures, but repeating the data sets in a smooth tube 
was never a realistic possibility. 
Further work on the pressure drop lowering effect of oil at low qualities, to confirm 
the finding presented here, would be of great interest. If the finding is verified, the 
questions surrounding why and how the addition of a more viscous liquid lowers the 
pressure drop should be pursued. 
The nature of the PF as a function of mass flux indicates that the microchannel tube 
is best suited for low mass fluxes (below about 50 Ibm/ft"2-s) or high mass flux (above 
about 120 Ibm/ft"2-s) applications. Although the low PF's for the low mass fluxes has 
been observed by other researchers, the decrease at very high mass fluxes is a new finding. 
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11.2 Condensation Heat Transfer 
This work produced a tremendous amount of heat transfer data for R22 and R502 
alternatives. As is discussed, the tests performed on low heat flux and low mass flux 
conditions yielded data with huge uncertainties. This limitation is unavoidable due to the 
extremely low temperature differences that result from such conditions. 
11.2.1 Heat Transfer Conclusions 
The most interesting finding is the affect of mass flux on the heat transfer 
performance of single and multi-component refrigerants. The heat transfer performance of 
the mixtures increases more strongly with mass flux than that of a single component 
refrigerant. Although the zeotropic mixtures show a slightly more significant increase in 
heat transfer with mass flux than the azeotropic mixtures do, it is very difficult to state that 
a measurable difference exists. For the R22 substitutes R134a has the highest heat transfer 
coefficient at low mass fluxes, but as the mass flux increases the mixtures (in general) 
perform as well as the single component refrigerants. A similar trend is seen for the R502 
alternatives. At low mass fluxes, R502 (an azeotropic mixture itself) has the highest heat 
transfer coefficient, but at the highest mass flux, R407C, 20/40/40/0, and 10/45/0/45 all 
perform better than R502. 20/40/40/0 is a zeotrope, and shows a dramatic improvement in 
heat transfer performance as the mass flux increases, as does R407C, a zeotropic R22 
alternative. 
The effect of oil (for concentrations below 3%) on heat transfer performance is only 
evident at qualities above about 0.7. Above qualities of 0.7, the heat transfer coefficient 
tends to level out, or even decrease, if oil is present and increases if no oil is present. 
Below qualities of 0.7, however, no significant difference exists between the oil and oil-
free cases. 
For the three different heat fluxes examined, no measurable difference was found in 
heat transfer performance. For the three condensing temperatures studied, however, it was 
found that lower condensing temperature yield higher heat transfer coefficients for a fixed 
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mass flux. This difference is attributed to the lower vapor density and thus higher 
velocities at lower temperatures. The increased heat transfer performance is accompanied 
by higher pressure drop. 
The enhancement factors found here are very similar to those found by other 
researches. The new information offered by this study is the continued decrease of the EF 
as the mass flux increases past 100 Ibm/ftJ\2-s (500 kg/mJ\2-s). At a mass flux of 165.5 
Ibm/ftJ\2-s (809 kg/mJ\2-s) the EF is consistently less than one. This means that the 
enhanced tube provides less heat transfer than a smooth tube, even with 1.55 times the 
internal surface area. 
11.2.2 Recommendations for Future Enhanced Tube Studies 
The effect of oil on condensation heat transfer coefficients is extremely difficult to 
assess, due to the changing thermophysical properties of the mixture. A condensation 
study in which the temperature and pressure were measured along the length of the test 
section would shed some light on the nature of the effect of oil on the performance of a 
refrigerant/oil mixture while condensing. The same facility would be useful for accurately 
determining the condensing temperature of refrigerant mixtures with large glides. 
From this work and those preceding it, it is clear that enhanced tubes with helical 
fins provide the maximum increase in heat transfer performance at low mass fluxes. At 
high mass fluxes, the enhancement disappears. It would be interesting to compare the 
improvements offered by a straight-finned tube and a helical-finned tube. 
11.3 Capillary Tube Performance 
The experimental facility constructed for this work allows data to be taken in a new 
and informative way. ·Usingwell mixed, thermally controlled tanks to set the high side 
pressure and refrigerant inlet temperature, new insights into the "random" behavior of the 
metastable region have been revealed for the first time. 
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11.3.1 Conclusions and Implications of the Capillary Tube Study 
We found that the refrigerant mass flow rate through a capillary tube is not simply a 
function of tube dimensions, condensing pressure, and inlet subcooling, but also depends, 
quite systematically, on the path taken to get to each particular state point. The implications 
of this finding are far reaching. For a given level of subcooling, there is a range of 
possible mass flow rates, not just one correct value. Therefore, when attempting to 
correlate mass flow rate data with a single curve, there will always be a tremendous amount 
of scatter in the data. This scatter, however, is not from noise in the data, but rather 
represents the range of possible values. 
Before mass flow rate data may be evaluated correctly, information concerning how 
the level of subcooIing was attained is necessary. If the level of inlet subcooling was 
increasing for an appreciable time, there will most likely be little or no metastable region, 
and a lower mass flow rate will result. If, however, the condition was achieved by 
decreasing the level of inlet subcooling, an appreciable metastable region may exist, thus 
increasing the mas flow rate. The length of metastable region depends on many things, 
including the internal roughness of the tube and rate of depressurization. For this reason, 
instead of concentrating on defining the mass flow rate associated with a level of 
subcooling, efforts will be better rewarded if the minimum and maximum mass flow rates, 
corresponding to no metastable region and the longest maintainable metastable region, are 
investigated, with the understanding that any flow rate between the two is a realistic value. 
Future researchers must be aware of the path dependent nature of the mass flow 
rate. If researchers continue to neglect this effect, the resulting data will continue to show 
large amounts of scatter. The existing pool of data may be re-analyzed, searching not for a 
single mass flow rate correlation, but rather for the range of possible mass flow rates. 
Because wall roughness is responsible for initial nucleation sites, it is believed that the 
maximum length of a metastable region can be correlated to the roughness of the tube as 
shown in Equation 10.1. 
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11.3.2 Suggestions for Future Research 
Although this work offers insights into the nature of the metastable region, further 
work is necessary to fully understand the metastable phenomena. A study that examines 
the effect of tube roughness on mass flow rate would be very interesting. If the maximum 
length of the metastable region is predictable and a function of wall roughness, then the 
hysteresis effect observed here will decrease as the roughness increases. Rougher walls 
provide larger nucleation sites, and thus require less underpressure before the bubbles can 
grow. 
If data can be obtained for several well known roughnesses, it would become 
possible to correlate the maximum length of the metastable region with wall roughness, 
perhaps as shown in Equation 10.1. If this is proven to be true, a capillary tube with a 
very rough inner surface will not be able to support a metastable region, and will therefore 
have no hysteresis effect. The mass flow rate of such a capillary tube will be very 
predictable, removing much of the uncertainty associated with sizing capillary tubes. 
Finally, it is postulated here that the capillary tube in an actual vapor-compression 
system operates in an increasing subcooling fashion, and thus should have predictable 
mass flow rates corresponding to minimal metastable lengths. At present, however, no 
data has been obtained that include these considerations. Checking for mass flow rate 
hysteresis effects in an operating vapor-compression system is a way to prove or disprove 
this theory. 
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APPENDIX A. DERIVATION OF EQUATIONS 
AI. Introduction 
The equations derived in this section are used to account for heat loss from the test section 
to the ambient air. The first set of equations, presented in section A2, are used when both fluids 
in the heat exchanger have well defined specific heats. These equations are applied to the 
Wilson analysis data, as both fluids are water. 
For the condensation data, the temperature of the two-phase refrigerant can change due to 
pressure drop and/or zeotropic action. Hence, the standard constant temperature equations will 
not work for these cases. The equations in section A3 were therefore developed. These 
equations account for both the slight change in refrigerant temperature and heat loss to the 
environment. For these equations, it is assumed that the temperature changes linearly in the 
refrigerant down the length of the tube. Because the change in refrigerant temperature down the 
tube is typically small, this assumption works well even when the temperature profile is not quite 
linear. 
345 
A2. Counterflow Heat Exchanger with Ambient Heat Transfer 
Tamb 
Governing Equations 
Ch ~h = VI Ai (Th-Tc) 
Independent Variable: x Dependent Variables: 
Dimensional Parameters: Cc , Ch, (VA) 1 , (VAh, Tamb, Thi, Tci 
Nondimensional Form of Governing Equations 
Independent Variable: x* = x/L 
Dependent Variables: 
Nondimensional Parameters: 
NTUI = V~l, T Tamb- Tci amb* = Thi - Tci 
Governing Equations: 
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Solution 
Rewrite in matrix form: 
CrNTUI 
NTUI 
General Form of Solution: 
-CrNTUI ] 
-(NTU I +NTU2) + 
where AI, A2 are the eigenvalues of the coefficient matrix and are given by the solution of the 
characteristic equation 
Letting 
E NTUI (1- Cr) + NTU2 
= 2 and 
the roots are 
and 
From the governing equations, we may write 
Finally, the coefficients A and B are determined by applying the boundary conditions. Thus, 
Al ] 
CrNTUl 1 1 
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and 
1 = A exp (All) + B exp (A2 1) + Tamb* 
Solving this system, we obtain 
and 
B = 
(Cr NTUI - AI) (1- Tamb*) + Cr NTUlTamb* exp(Al) 
(Cr NTU1 - AI) exp(A2) - (Cr NTUI - A2) exp(AI) 
Finally, the non-dimensional cold fluid temperature is 
where 
A' = -Cr NTU 1 Tamb* exp(A2) - (Cr NTU 1 - A2) (1 - T amb*) [ 1 _ Al ] 
(Cr NTU 1 - AI) exp(A2) - (Cr NTU 1 - A2) exp(AI) Cr NTU 1 
and 
B' = 
(Cr NTU 1 - AI) (1- T amb*) + Cr NTU 1 T amb* exp(A1) 
(Cr NTUI - Ad exp(A2) - (Cr NTU1 - A2) exp(AI) 
[ 1 A2 ] 
- CrNTUl 
Evaluating Tc* at x* = 1, we have that the nondimensional cold fluid exit temperature is 
To simplify the algebraic expression, we introduce the following additional variables. 
e2 = exp(A2), 11 = a - Al and 12 = a - A2 . 
Substituting and simplifying, we have 
-a e2Tam~ -12 (1- Tam~) 
A = 
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B = 
11 (1- Tamb*) +a el Tamb* 
11 e2 - 12 e1 
A' = 
-<X e2 T amb. - "{2 (1 - T amb*) 
"{1 e2 - "{2 el 
"{1 
a 
B' = 
"{1 (1 - T amb*) + a e1 T amb. 
"{1 e2 - "{2 el 
and Tc. (x*) = D + [1 + C - D] Tamb* . 
where 
c = 
D = 
el e2 ("{2 - "{d 
"{1 e2 - "{2 el 
a 1+--
a+1 
"{I "{2 (e2 - el) 
a ("{I e2 - "(2 el) 
"{I (e2 - el) NTU 1 
("{I e2 - "(2 el) NTU 1 + NTU2 
a 
a+1 
Limiting Behavior for NTU2 = 0 
For NTU2 = 0, the above result reduces to 
"{1 e2 = "{2 el , all a 
F = 0 E NTUI (1- Cr) = 2 1\.1 = -NTU 1 (1 - Cr) A,2 = 0 
a = CrNTUI. e2 = 1, "{1 = NTUI and "{2 = a. 
d = "{1 e2 - "{2 el = NTU1 - a el 
C el (NTUl-a) D NTUI (1- el) 1 C + D 0 = = - = NTUI - ael NTUI - a el 
Tc. = 
NTUI (1-el) 
= 
1- eXQ [-NTUI (1- Cr)] 
NTUI - a el 1 - Cr exp [-NTUI (1- Cr)] 
The above expression for T c* is the standard solution for a counterflow heat exchanger. 
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A.3 Heat Exchanger with Specified Variation in Hot Fluid Temperature and 
Ambient Heat Transfer 
Tamb 
Governing Equation 
Cc ~~c = U lAi (Th - Tc) + UzAz (Tamb - Tc) 
Independent Variable: x Dependent Variables: 
Dimensional Parameters: Cc , (UAh, (UAh, Tamb, Thi, Tci 
Nondimensional Form of Governing Equation 
Independent Variable: x* = x/L 
Dependent Variables: 
Nondimensional Parameters: NTUI = UC~l, NTUz = Uc~z , 
Nondimensional Governing Equation: 
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Solution 
Using an integrating factor of exp (A x*) where A = NTUI + NTU2, we obtain 
x* 
Tc* (x*) = exp (-A x*) i exp (A x'*) [NTUI Th*(X'*) + NTU2 Tamb*] dx'* 
o 
For the special case of a linear decrease in the hot fluid temperature, we have 
where 
Carrying out the integration gives 
[ NTUI (1- ~Th~ + NTU2 Tamb* NTUI ~Th* ] 
- A2 [1 - exp (-A x*) ] 
Finally, evaluating at x* = 1, we have 
- [ 1 - exp (-A)] NTUI ~Th* ] 
A2 
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APPENDIX B. PRESENTATION OF THE DATA 
The following pages list all of the lofl (full condensation) data followed by the 
capillary tube data. 
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Table A4.1 Heat transfer data for R22 condensing at 110°F with 1 % oil 
Condensing Oil Mass Flow Average Heat Transfer Refrigerant Composition Temperature Concentration Rate QUality Coefficient [oF] [%] [lb/hr] [-] [Btu/ft2 hr oF] R22 100 110 1.10 75.3 0.945 1260 R22 100 110 1.10 75.3 0.765 992 R22 100 110 1.10 75.3 0.594 774 R22 100 110 1.10 75.3 0.421 687 R22 100 110 1.10 75.3 0.246 564 R22 100 110 1.10 75.3 0.073 548 R22 100 110 1.10 148.4 0.989 1647 R22 100 110 1.10 148.4 0.869 1283 R22 100 110 1.10 148.4 0.756 876 R22 100 110 1.10 148.4 0.638 893 R22 100 110 1.10 148.4 0.508 760 VJ R22 100 110 1.10 148.4 0.369 728 VI VJ R22 100 110 1.10 148.4 0.227 577 R22 100 110 1.10 148.4 0.093 472 R22 100 110 1.10 247.8 0.996 1595 R22 100 110 1.10 247.8 0.869 1311 R22 100 110 1.10 247.8 0.752 1005 R22 100 110 1.10 247.8 0.631 995 R22 100 110 1.10 247.8 0.502 884 R22 100 110 1.10 247.8 0.366 851 R22 100 110 1.10 247.8 0.231 676 R22 100 110 1.10 247.8 0.105 582 R22 100 110 1.10 397.1 0.981 1803 R22 100 110 1.10 397.1 0.876 1649 R22 100 110 1.10 397.1 0.772 1255 R22 100 110 1.10 397.1 0.662 1278 R22 100 110 1.10 397.1 0.543 1082 R22 100 110 1.10 397.1 0.419 1017 R22 100 110 1.10 397.1 0.291 864 R22 100 110 1.10 397.1 0.181 524 R22 100 110 1.10 397.1 0.072 595 
Table A4.2 Heat transfer data for R22 condensing at 125 of with 0% oil 
Condensing Oil Mass Flow Average Heat Transfer Refrigerant Composition Temperature Concentration Rate QUality Coefficient [op:) [%] [lb/hr] [-] [Btu/ft2 hr oF] R22 100 125 0 74.6 0.968 915 R22 100 125 0 74.6 0.848 861 R22 100 125 0 74.6 0.724 756 R22 100 125 0 74.6 0.597 620 R22 100 125 0 74.6 0.466 610 R22 100 125 0 74.6 0.315 641 R22 100 125 0 74.6 0.170 411 R22 100 125 0 74.6 0.060 271 R22 100 125 0 148.1 0.952 1043 R22 100 125 0 148.1 0.854 1052 R22 100 125 0 148.1 0.750 860 R22 100 125 0 148.1 0.642 768 w R22 100 125 0 148.1 0.523 761 VI ~ R22 100 125 0 148.1 0.388 756 R22 100 125 0 148.1 0.247 589 R22 100 125 0 148.1 0.114 494 R22 100 125 0 247.8 0.994 1313 R22 100 125 0 247.8 0.885 1199 R22 100 125 0 247.8 0.777 1033 R22 100 125 0 247.8 0.667 903 R22 100 125 0 247.8 0.550 889 R22 100 125 0 247.8 0.420 898 R22 100 125 0 247.8 0.289 704 R22 100 125 0 247.8 0.165 617 R22 100 125 0 397.1 0.967 1630 R22 100 125 0 397.1 0.870 1495 R22 100 125 0 397.1 0.772 1297 R22 100 125 0 397.1 0.667 1162 R22 100 125 0 397.1 0.556 1082 R22 100 125 0 397.1 0.436 1021 R22 100 125 0 397.1 0.312 863 R22 100 125 0 397.1 0.186 799 R22 100 125 0 397.1 0.058 741 
Table A4.3 Heat transfer data for R22 condensing at 125 of with 1 % oil 
Condensing Oil Mass Flow Average Heat Transfer Refrigerant Composition Temperature Concentration Rate QUality Coefficient [Of] [%] [lb/hr] [-] [Btu/ft2 hr oF] 
R22 100 125 1.18 73.9 0.966 655 R22 100 125 1.18 73.9 0.842 979 R22 100 125 1.18 73.9 0.696 786 R22 100 125 1.18 73.9 0.553 633 R22 100 125 1.18 73.9 0.406 605 R22 100 125 1.18 73.9 0.245 585 R22 100 125 1.18 73.9 0.094 392 R22 100 125 1.18 148.3 0.993 1036 R22 100 125 1.18 148.3 0.918 1261 R22 100 125 1.18 148.3 0.835 987 R22 100 125 1.18 148.3 0.749 850 w R22 100 125 1.18 148.3 0.655 822 VI VI R22 100 125 1.18 148.3 0.548 817 R22 100 125 1.18 148.3 0.435 647 R22 100 125 1.18 148.3 0.323 579 R22 100 125 1.18 148.3 0.202 503 R22 100 125 1.18 248.8 0.995 1204 R22 100 125 1.18 248.8 0.884 1252 R22 100 125 1.18 248.8 0.771 1015 R22 100 125 1.18 248.8 0.660 867 R22 100 125 1.18 248.8 0.543 857 R22 100 125 1.18 248.8 0.416 824 R22 100 125 1.18 248.8 0.288 674 R22 100 125 1.18 248.8 0.164 601 R22 100 125 1.18 397.2 0.990 1574 R22 100 125 1.18 397.2 0.889 1604 R22 100 125 1.18 397.2 0.784 1323 R22 100 125 1.18 397.2 0.675 1169 R22 100 125 1.18 397.2 0.559 1086 R22 100 125 1.18 397.2 0.433 1028 R22 100 125 1.18 397.2 0.304 853 R22 100 125 1.18 397.2 0.176 767 
Table A4.4 Heat transfer data for R22 condensing at 125 of with 3% oil 
Condensing Oil Mass Flow Average Heat Transfer Refrigerant Composition Temperature Concentration Rate QUality Coefficient [Of] [%] [lb/hr] [-] [Btu/ft2 hr oF] 
R22 100 125 3.12 76.7 0.960 919 R22 100 125 3.12 76.7 0.797 771 R22 100 125 3.12 76.7 0.634 708 R22 100 125 3.12 76.7 0.475 516 R22 100 125 3.12 76.7 0.328 446 R22 100 125 3.12 76.7 0.185 387 R22 100 125 3.12 76.7 0.075 188 R22 100 125 3.12 76.7 0.027 40 R22 100 125 3.12 148.0 0.995 1247 R22 100 125 3.12 148.0 0.862 1003 R22 100 125 3.12 148.0 0.730 841 w R22 100 125 3.12 148.0 0.596 708 VI 0\ R22 100 125 3.12 148.0 0.457 633 R22 100 125 3.12 148.0 0.311 597 R22 100 125 3.12 148.0 0.171 425 R22 100 125 3.12 148.0 0.074 183 R22 100 125 3.12 247.3 0.983 1443 R22 100 125 3.12 247.3 0.851 1234 R22 100 125 3.12 247.3 0.724 989 R22 100 125 3.12 247.3 0.598 879 R22 100 125 3.12 247.3 0.469 789 R22 100 125 3.12 247.3 0.335 746 R22 100 125 3.12 247.3 0.206 555 R22 100 125 3.12 247.3 0.097 425 R22 100 125 3.12 395.2 0.898 1573 R22 100 125 3.12 395.2 0.785 1306 R22 100 125 3.12 395.2 0.668 1143 R22 100 125 3.12 395.2 0.547 1011 R22 100 125 3.12 395.2 0.419 945 R22 100 125 3.12 395.2 0.294 735 R22 100 125 3.12 395.2 0.171 699 R22 100 125 3.12 395.2 0.050 652 
Table A4.5 Heat transfer data for R22 condensing at 140 of with 1 % oil 
Condensing Oil Mass Flow Average Heat Transfer Refrigerant Composition Temperature Concentration Rate QUality Coefficient [Of'] [%] [lb/hr] [-] [Btu/ft2 hr oF] 
R22 100 140 1.10 75.8 0.864 631 R22 100 140 1.10 75.8 0.729 456 R22 100 140 1.10 75.8 0.592 500 R22 100 140 1.10 75.8 0.443 446 R22 100 140 1.10 75.8 0.282 477 R22 100 140 1.10 75.8 0.129 315 R22 100 140 1.10 75.8 0.017 582 R22 100 140 1.10 148.7 0.995 1154 R22 100 140 1.10 148.7 0.874 1011 R22 100 140 1.10 148.7 0.753 811 R22 100 140 1.10 148.7 0.623 807 w R22 100 140 1.10 148.7 0.482 694 VI -....l R22 100 140 1.10 148.7 0.331 669 R22 100 140 1.10 148.7 0.180 510 R22 100 140 1.10 148.7 0.046 552 R22 100 140 1.10 247.0 0.878 1079 R22 100 140 1.10 247.0 0.753 890 R22 100 140 1.10 247.0 0.618 979 R22 100 140 1.10 247.0 0.470 829 R22 100 140 1.10 247.0 0.323 744 R22 100 140 1.10 247.0 0.179 610 R22 100 140 1.10 247.0 0.048 600 R22 100 140 1.10 397.1 0.903 1662 R22 100 140 1.10 397.1 0.787 1191 R22 100 140 1.10 397.1 0.664 1263 R22 100 140 1.10 397.1 0.531 1055 R22 100 140 1.10 397.1 0.391 996 R22 100 140 1.10 397.1 0.246 852 R22 100 140 1.10 397.1 0.111 644 
Table A4.6 Heat transfer data for R 134a condensing at 110°F with 1 % oil 
Condensing Oil Mass Flow Average Heat Transfer Refrigerant Composition Temperature Concentration Rate QUality Coefficient [Of] [%] [lb/hr] [-] [Btu/ft2 hr oF] 
R134a 100 110 0.92 75.3 0.973 1203 R134a 100 110 0.92 75.3 0.832 1273 R134a 100 110 0.92 75.3 0.697 763 R134a 100 110 0.92 75.3 0.561 813 R134a 100 110 0.92 75.3 0.405 775 R134a 100 110 0.92 75.3 0.232 742 R134a 100 110 0.92 147.3 0.998 1346 R134a 100 110 0.92 147.3 0.871 1339 R134a 100 110 0.92 147.3 0.737 1046 R134a 100 110 0.92 147.3 0.598 889 R134a 100 110 0.92 147.3 0.451 815 w R134a 100 110 0.92 147.3 0.290 760 1Il 00 R134a 100 110 0.92 147.3 0.129 589 R134a 100 110 0.92 247.9 0.882 1367 R134a 100 110 0.92 247.9 0.752 1087 R134a 100 110 0.92 247.9 0.622 980 R134a 100 110 0.92 247.9 0.488 898 R134a 100 110 0.92 247.9 0.345 886 R134a 100 110 0.92 247.9 0.201 712 R134a 100 110 0.92 247.9 0.069 589 R134a 100 110 0.92 393.6 0.981 1463 R134a 100 110 0.92 393.6 0.867 1354 R134a 100 110 0.92 393.6 0.750 1281 R134a 100 110 0.92 393.6 0.625 1171 R134a 100 110 0.92 393.6 0.493 1048 R134a 100 110 0.92 393.6 0.356 974 R134a 100 110 0.92 393.6 0.220 785 R134a 100 110 0.92 393.6 0.085 758 
Table A4.7 Heat transfer data for R134a condensing at 125 of with 0% oil 
Condensing Oil Mass Flow Average Heat Transfer Refrigerant Composition Temperature Concentration Rate QUality Coefficient [Of'] [%] [lb/hr] [-] [Btu/ft2 hr oF] 
R134a 100 125 0 73.6 0.867 1194 R134a 100 125 0 73.6 0.771 1165 R134a 100 125 0 73.6 0.675 815 R134a 100 125 0 73.6 0.564 967 R134a 100 125 0 73.6 0.439 773 R134a 100 125 0 73.6 0.31 702 R134a 100 125 0 73.6 0.18 535 R134a 100 125 0 148.1 0.963 1835 R134a 100 125 0 148.1 0.869 1175 R134a 100 125 0 148.1 0.775 1151 R134a 100 125 0 148.1 0.679 859 R134a 100 125 0 148.1 0.568 954 \.),) R134a 100 125 0 148.1 0.449 719 Vl \0 R134a 100 125 0 148.1 0.321 768 R134a 100 125 0 148.1 0.184 576 R134a 100 125 0 148.1 0.054 584 R134a 100 125 0 248.2 0.994 1843 R134a 100 125 0 248.2 0.893 1491 R134a 100 125 0 248.2 0.792 1418 R134a 100 125 0 248.2 0.689 1125 R134a 100 125 0 248.2 0.576 1170 R134a 100 125 0 248.2 0.461 862 R134a 100 125 0 248.2 0.339 1016 R134a 100 125 0 248.2 0.208 733 R134a 100 125 0 248.2 0.084 638 R134a 100 125 0 395.0 0.931 1396 R134a 100 125 0 395.0 0.825 1223 R134a 100 125 0 395.0 0.713 1105 R134a 100 125 0 395.0 0.598 952 R134a 100 125 0 395.0 0.482 874 R134a 100 125 0 395.0 0.357 865 R134a 100 125 0 395.0 0.227 750 R134a 100 125 0 395.0 0.098 597 
Table A4.8 Heat transfer data for R134a condensing at 125 of with 1 % oil 
Condensing Oil Mass Flow Average Heat Transfer Refrigerant Composition Temperature Concentration Rate Quality Coefficient [Of] [%] [lb/hr] [-] [Btulft2 hr oF] 
R134a 100 125 1.28 77.3 0.948 599 R134a 100 125 1.28 77.3 0.810 927 R134a 100 125 1.28 77.3 0.646 771 R134a 100 125 1.28 77.3 0.495 509 R134a 100 125 1.28 77.3 0.343 579 R134a 100 125 1.28 77.3 0.173 523 R134a 100 125 1.28 147.4 0.987 964 R134a 100 125 1.28 147.4 0.891 1310 R134a 100 125 1.28 147.4 0.782 992 R134a 100 125 1.28 147.4 0.677 715 R134a 100 125 1.28 147.4 0.564 838 w R134a 100 125 1.28 147.4 0.428 804 0\ 0 R134a 100 125 1.28 147.4 0.287 633 R134a 100 125 1.28 147.4 0.150 551 R134a 100 125 1.28 248.0 0.990 1091 R134a 100 125 1.28 248.0 0.884 1337 R134a 100 125 1.28 248.0 0.769 1110 R134a 100 125 1.28 248.0 0.657 886 R134a 100 125 1.28 248.0 0.540 918 R134a 100 125 1.28 248.0 0.409 903 R134a 100 125 1.28 248.0 0.276 725 R134a 100 125 1.28 248.0 0.151 619 R134a 100 125 1.28 396.4 0.998 1532 R134a 100 125 1.28 396.4 0.896 1685 R134a 100 125 1.28 396.4 0.788 1394 R134a 100 125 1.28 396.4 0.678 1157 R134a 100 125 1.28 396.4 0.561 1165 R134a 100 125 1.28 396.4 0.432 1089 R134a 100 125 1.28 396.4 0.300 910 R134a 100 125 1.28 396.4 0.168 822 
Table A4.9 Heat transfer data for R134a condensing at 125 of with 3% oil 
Condensing Oil Mass Flow Average Heat Transfer Refrigerant Composition Temperature Concentration Rate Quality Coefficient ["F] [%] [lb/hr] [-] [Btu/ft2 hr <>pJ 
R134a 100 125 3.22 77.3 0.998 589 R134a 100 125 3.22 77.3 0.910 777 R134a 100 125 3.22 77.3 0.791 995 R134a 100 125 3.22 77.3 0.657 748 R134a 100 125 3.22 77.3 0.517 749 R134a 100 125 3.22 77.3 0.361 694 R134a 100 125 3.22 77.3 0.211 487 R134a 100 125 3.22 77.3 0.082 376 R134a 100 125 3.22 147.5 0.926 895 R134a 100 125 3.22 147.5 0.821 919 R134a 100 125 3.22 147.5 0.706 773 u,) R134a 100 125 3.22 147.5 0.582 757 0\ ...... R134a 100 125 3.22 147.5 0.444 723 R134a 100 125 3.22 147.5 0.305 548 R134a 100 125 3.22 147.5 0.168 522 R134a 100 125 3.22 147.5 0.034 561 R134a 100 125 3.22 247.8 0.901 1039 R134a 100 125 3.22 247.8 0.788 1084 R134a 100 125 3.22 247.8 0.666 923 R134a 100 125 3.22 247.8 0.539 915 R134a 100 125 3.22 247.8 0.400 875 R134a 100 125 3.22 247.8 0.264 676 R134a 100 125 3.22 247.8 0.133 628 R134a 100 125 3.22 397.1 0.902 1276 R134a 100 125 3.22 397.1 0.786 1298 R134a 100 125 3.22 397.1 0.658 1173 R134a 100 125 3.22 397.1 0.525 1043 R134a 100 125 3.22 397.1 0.385 976 R134a 100 125 3.22 397.1 0.244 797 R134a 100 125 3.22 397.1 0.110 679 
Table A4.1O Heat transfer data for R134a condensing at 140 of with 1 % oil 
Condensing Oil Mass Flow Average Heat Transfer Refrigerant Composition Temperature Concentration Rate Quality Coefficient [Of'] [%] [lb/hr] [-] [Btu/ft2 hr Of] 
R134a 100 140 0.92 77.8 0.968 708 R134a 100 140 0.92 77.8 0.798 822 R134a 100 140 0.92 77.8 0.610 725 R134a 100 140 0.92 77.8 0.420 599 R134a 100 140 0.92 77.8 0.234 515 R134a 100 140 0.92 77.8 0.051 576 R134a 100 140 0.92 148.4 0.903 1051 R134a 100 140 0.92 148.4 0.779 896 R134a 100 140 0.92 148.4 0.650 759 R134a 100 140 0.92 148.4 0.511 735 R134a 100 140 0.92 148.4 0.357 706 Vol R134a 100 140 0.92 148.4 0.199 566 0\ tv R134a 100 140 0.92 148.4 0.072 305 R134a 100 140 0.92 247.7 0.880 1194 R134a 100 140 0.92 247.7 0.733 1030 R134a 100 140 0.92 247.7 0.585 890 R134a 100 140 0.92 247.7 0.431 844 R134a 100 140 0.92 247.7 0.267 791 R134a 100 140 0.92 247.7 0.110 604 R134a 100 140 0.92 247.7 0.019 169 R134a 100 140 0.92 396.8 0.887 1446 R134a 100 140 0.92 396.8 0.767 1248 R134a 100 140 0.92 396.8 0.639 1160 R134a 100 140 0.92 396.8 0.503 1037 R134a 100 140 0.92 396.8 0.36 962 R134a 100 140 0.92 396.8 0.219 750 R134a 100 140 0.92 396.8 0.077 762 
Table A4.11 Heat transfer data for R407C condensing at 110 of with 1 % oil 
Condensing Oil Mass Flow Average Heat Transfer Refrigerant Composition Temperature Concentration Rate Quality Coefficient [Of] [%] [lb/hr] [-] [Btu/ft2 hr oF] 
R407C 22.7/25.3/52.1/0 110 1.34 74.7 0.907 500 R407C 22.7/25.3/52.1/0 110 1.34 74.7 0.692 481 R407C 22.7/25.3/52.1/0 110 1.34 74.7 0.515 382 R407C 22.7/25.3/52.1/0 110 1.34 74.7 0.364 359 R407C 22.7/25.3/52.1/0 110 1.34 74.7 0.228 338 R407C 22.7/25.3/52.1/0 110 1.34 74.7 0.102 347 R407C 22.7/25.3/52.1/0 110 1.34 148.0 0.965 778 R407C 22.7/25.3/52.1/0 110 1.34 148.0 0.804 773 R407C 22.7/25.3/52.1/0 110 1.34 148.0 0.655 650 R407C 22.7/25.3/52.1/0 110 1.34 148.0 0.511 631 R407C 22.7/25.3/52.1/0 110 1.34 148.0 0.367 592 w R407C 22.7/25.3/52.1/0 110 1.34 148.0 0.225 555 0\ w R407C 22.7/25.3/52.1/0 110 1.34 148.0 0.098 413 R407C 22.7/25.3/52.1/0 110 1.34 247.4 0.998 953 R407C 22.7/25.3/52.1/0 110 1.34 247.4 0.875 1035 R407C 22.7/25.3/52.1/0 110 1.34 247.4 0.752 862 R407C 22.7/25.3/52.1/0 110 1.34 247.4 0.627 834 R407C 22.7/25.3/52.1/0 110 1.34 247.4 0.495 802 R407C 22.7/25.3/52.1/0 110 1.34 247.4 0.356 762 R407C 22.7/25.3/52.1/0 110 1.34 247.4 0.219 613 R407C 22.7/25.3/52.1/0 110 1.34 247.4 0.093 509 R407C 22.7/25.3/52.1/0 110 1.34 394.5 0.997 1309 R407C 22.7/25.3/52.1/0 110 1.34 394.5 0.864 1363 R407C 22.7/25.3/52.1/0 110 1.34 394.5 0.731 1197 R407C 22.7/25.3/52.1/0 110 1.34 394.5 0.598 1086 R407C 22.7/25.3/52.1/0 110 1.34 394.5 0.465 983 R407C 22.7/25.3/52.1/0 110 1.34 394.5 0.330 922 R407C 22.7/25.3/52.1/0 110 1.34 394.5 0.199 768 R407C 22.7/25.3/52.1/0 110 1.34 394.5 0.077 664 
Table A4.2 Heat transfer data for R407C condensing at 125 of with 0% oil 
Condensing Oil Mass Flow Average Heat Transfer Refrigerant Composition Temperature Concentration Rate Quality Coefficient [Of] [%] [lb/hr] [ -] [Btu/ft2 hr oF] 
R407C 23.7/35.5/50.8/0 125 0 73.7 0.894 502 R407C 23.7/35.5/50.8/0 125 0 73.7 0.687 463 R407C 23.7/35.5/50.8/0 125 0 73.7 0.514 396 R407C 23.7/35.5/50.8/0 125 0 73.7 0.369 324 R407C 23.7/35.5/50.8/0 125 0 73.7 0.244 318 R407C 23.7/35.5/50.8/0 125 0 73.7 0.125 327 R407C 23.7/35.5/50.8/0 125 0 73.7 0.033 339 R407C 23.7/35.5/50.8/0 125 0 147.7 0.935 807 R407C 23.7/35.5/50.8/0 125 0 147.7 0.807 793 R407C 23.7/35.5/50.8/0 125 0 147.7 0.686 706 R407C 23.7/35.5/50.8/0 125 0 147.7 0.567 650 \.).) R407C 23.7/35.5/50.8/0 125 0 147.7 0.448 635 0\ .p.. R407C 23.7/35.5/50.8/0 125 0 147.7 0.326 604 R407C 23.7/35.5/50.8/0 125 0 147.7 0.211 494 R407C 23.7/35.5/50.8/0 125 0 147.7 0.109 417 R407C 23.7/35.5/50.8/0 125 0 248.0 0.929 1041 R407C 23.7/35.5/50.8/0 125 0 248.0 0.790 957 R407C 23.7/35.5/50.8/0 125 0 248.0 0.662 842 R407C 23.7/35.5/50.8/0 125 0 248.0 0.538 786 R407C 23.7/35.5/50.8/0 125 0 248.0 0.413 767 R407C 23.7/35.5/50.8/0 125 0 248.0 0.287 721 R407C 23.7/35.5/50.8/0 125 0 248.0 0.170 570 R407C 23.7/35.5/50.8/0 125 0 248.0 0.071 459 R407C 23.7/35.5/50.8/0 125 0 385.5 0.997 1509 R407C 23.7/35.5/50.8/0 125 0 385.5 0.883 1411 R407C 23.7/35.5/50.8/0 125 0 385.5 0.773 1243 R407C 23.7/35.5/50.8/0 125 0 385.5 0.663 1124 R407C 23.7/35.5/50.8/0 125 0 385.5 0.550 1059 R407C 23.7/35.5/50.8/0 125 0 385.5 0.432 1009 R407C 23.7/35.5/50.8/0 125 0 385.5 0.314 895 R407C 23.7/35.5/50.8/0 125 0 385.5 0.195 827 R407C 23.7/35.5/50.8/0 125 0 385.5 0.077 661 
Table A4.13 Heat transfer data for R407C condensing at 125 of with 1 % oil 
Condensing Oil Mass Flow Average Heat Transfer Refrigerant Composition Temperature Concentration Rate Quality Coefficient [Of] [%] [lblhr] [-] [Btu/ft2 hr oF] 
R407C 22.6/25.0/52.4/0 125 0.80 75.3 0.910 478 R407C 22.6/25.0/52.4/0 125 0.80 75.3 0.691 533 R407C 22.6/25.0/52.4/0 125 0.80 75.3 0.495 459 R407C 22.6/25.0/52.4/0 125 0.80 75.3 0.323 426 R407C 22.6/25.0/52.4/0 125 0.80 75.3 0.174 365 R407C 22.6/25.0/52.4/0 125 0.80 75.3 0.043 433 R407C 22.6/25.0/52.4/0 125 0.80 148.5 0.958 720 R407C 22.6/25.0/52.4/0 125 0.80 148.5 0.815 846 R407C 22.6/25.0/52.4/0 125 0.80 148.5 0.673 719 R407C 22.6/25.0/52.4/0 125 0.80 148.5 0.538 671 R407C 22.6/25.0/52.4/0 125 0.80 148.5 0.404 615 w R407C 22.6/25.0/52.4/0 125 0.80 148.5 0.272 603 0\ VI R407C 22.6/25.0/52.4/0 125 0.80 148.5 0.149 472 R407C 22.6/25.0/52.4/0 125 0.80 148.5 0.044 515 R407C 22.6/25.0/52.4/0 125 0.80 248.0 0.968 883 R407C 22.6/25.0/52.4/0 125 0.80 248.0 0.844 1057 R407C 22.6/25.0/52.4/0 125 0.80 248.0 0.720 881 R407C 22.6/25.0/52.4/0 125 0.80 248.0 0.602 816 R407C 22.6/25.0/52.4/0 125 0.80 248.0 0.483 798 R407C 22.6/25.0/52.4/0 125 0.80 248.0 0.360 794 R407C 22.6/25.0/52.4/0 125 0.80 248.0 0.242 646 R407C 22.6/25.0/52.4/0 125 0.80 248.0 0.137 555 R407C 22.6/25.0/52.4/0 125 0.80 396.5 0.973 1260 R407C 22.6/25.0/52.4/0 125 0.80 396.5 0.858 1360 R407C 22.6/25.0/52.4/0 125 0.80 396.5 0.743 1180 R407C 22.6/25.0/52.4/0 125 0.80 396.5 0.626 1127 R407C 22.6/25.0/52.4/0 125 0.80 396.5 0.507 984 R407C 22.6/25.0/52.4/0 125 0.80 396.5 0.386 956 R407C 22.6/25.0/52.4/0 125 0.80 396.5 0.264 823 R407C 22.6/25.0/52.4/0 125 0.80 396.5 0.146 744 
Table A4.14 Heat transfer data for R407C condensing at 125 OP with 3% oil 
Condensing Oil Mass Flow Average Heat Transfer Refrigerant Composition Temperature Concentration Rate Quality Coefficient [opj [%] [lb/hr] [-] [B tulft2 hr oF] 
R407C 23.1/25.4/51/5/0 125 3.24 77.2 0.908 482 R407C 23.1/25.4/51/5/0 125 3.24 77.2 0.665 533 R407C 23.1/25.4/51/5/0 125 3.24 77.2 0.462 341 R407C 23.1/25.4/51/5/0 125 3.24 77.2 0.302 318 R407C 23.1/25.4/51/5/0 125 3.24 77.2 0.170 229 R407C 23.1/25.4/51/5/0 125 3.24 77.2 0.072 180 R407C 23.1/25.4/51/5/0 125 3.24 148.2 0.975 592 R407C 23.1/25.4/51/5/0 125 3.24 148.2 0.838 777 R407C 23.1/25.4/51/5/0 125 3.24 148.2 0.702 615 R407C 23.1/25.4/51/5/0 125 3.24 148.2 0.576 568 R407C 23.1/25.4/51/5/0 125 3.24 148.2 0.449 561 w R407C 23.1/25.4/51/5/0 125 3.24 148.2 0.321 533 0\ 0\ R407C 23.1/25.4/51/5/0 125 3.24 148.2 0.207 395 R407C 23.1/25.4/51/5/0 125 3.24 248.0 0.097 454 R407C 23.1/25.4/51/5/0 125 3.24 248.0 0.977 789 R407C 23.1/25.4/51/5/0 125 3.24 248.0 0.844 970 R407C 23.1/25.4/51/5/0 125 3.24 248.0 0.712 785 R407C 23.1/25.4/51/5/0 125 3.24 248.0 0.589 732 R407C 23.1/25.4/51/5/0 125 3.24 248.0 0.464 735 R407C 23.1/25.4/51/5/0 125 3.24 248.0 0.337 688 R407C 23.1/25.4/51/5/0 125 3.24 248.0 0.221 540 R407C 23.1/25.4/51/5/0 125 3.24 248.0 0.115 526 R407C 23.1/25.4/51/5/0 125 3.24 394.6 0.888 1291 R407C 23.1/25.4/51/5/0 125 3.24 394.6 0.770 1046 R407C 23.1/25.4/51/5/0 125 3.24 394.6 0.652 1047 R407C 23.1/25.4/51/5/0 125 3.24 394.6 0.529 976 R407C 23.1/25.4/51/5/0 125 3.24 394.6 0.403 921 R407C 23.1/25.4/51/5/0 125 3.24 394.6 0.279 784 R407C 23.1/25.4/51/5/0 125 3.24 394.6 0.142 987 
Table A4.15 Heat transfer data for R407C condensing at 140 Of' with 1 % oil 
Condensing Oil Mass Flow Average Heat Transfer Refrigerant Composition Temperature Concentration Rate Quality Coefficient [Of] [%] [lb/hr] [-] [Btu/ft2 hr oF] 
R407C 22.7/25.3/52.1/0 140 1.34 74.2 0.907 428 R407C 22.7/25.3/52.1/0 140 1.34 74.2 0.674 381 R407C 22.7/25.3/52.1/0 140 1.34 74.2 0.475 363 R407C 22.7/25.3/52.1/0 140 1.34 74.2 0.303 288 R407C 22.7/25.3/52.1/0 140 1.34 74.2 0.162 258 R407C 22.7/25.3/52.1/0 140 1.34 74.2 0.038 278 R407C 22.7/25.3/52.1/0 140 1.34 148.3 0.985 591 R407C 22.7/25.3/52.1/0 140 1.34 148.3 0.821 633 R407C 22.7/25.3/52.1/0 140 1.34 148.3 0.662 566 R407C 22.7/25.3/52.1/0 140 1.34 148.3 0.505 563 R407C 22.7/25.3/52.1/0 140 1.34 148.3 0.351 497 w R407C 22.7/25.3/52.1/0 140 1.34 148.3 0.205 460 0'\ -.....l R407C 22.7/25.3/52.1/0 140 1.34 148.3 0.078 331 R407C 22.7/25.3/52.1/0 140 1.34 246.5 0.883 858 R407C 22.7/25.3/52.1/0 140 1.34 246.5 0.749 781 R407C 22.7/25.3/52.1/0 140 1.34 246.5 0.612 739 R407C 22.7/25.3/52.1/0 140 1.34 246.5 0.470 694 R407C 22.7/25.3/52.1/0 140 1.34 246.5 0.323 652 R407C 22.7/25.3/52.1/0 140 1.34 246.5 0.182 513 R407C 22.7/25.3/52.1/0 140 1.34 246.5 0.059 407 R407C 22.7/25.3/52.1/0 140 1.34 410.3 0.897 1189 R407C 22.7/25.3/52.1/0 140 1.34 410.3 0.774 1135 R407C 22.7/25.3/52.1/0 140 1.34 410.3 0.644 1093 R407C 22.7/25.3/52.1/0 140 1.34 410.3 0.510 982 R407C 22.7/25.3/52.1/0 140 1.34 410.3 0.374 946 R407C 22.7/25.3/52.1/0 140 1.34 410.3 0.238 803 R407C 22.7/25.3/52.1/0 140 1.34 410.3 0.110 690 
Table A4.16 Heat transfer data for R410A condensing at 110 of with 1 % oil 
Condensing Oil Mass Flow Average Heat Transfer Refrigerant Composition Temperature Concentration Rate Quality Coefficient [Of] [%] [lb/hr] [ -] [Btu/ft2 hr oF] R410A 49.6/50.4/0/0 110 1.10 73.9 0.988 995 R410A 49.6/50.4/0/0 110 1.10 73.9 0.852 776 R410A 49.6/50.4/0/0 110 1.10 73.9 0.710 867 R410A 49.6/50.4/0/0 110 1.10 73.9 0.554 691 R410A 49.6/50.4/0/0 110 1.10 73.9 0.396 634 R410A 49.6/50.4/0/0 110 1.10 73.9 0.226 605 R410A 49.6/50.4/0/0 110 1.10 73.9 0.079 334 R410A 49.6/50.4/0/0 110 1.10 148.0 0.886 1004 R410A 49.6/50.4/0/0 110 1.10 148.0 0.767 949 R410A 49.6/50.4/0/0 110 1.10 148.0 0.638 799 R410A 49.6/50.4/0/0 110 1.10 148.0 0.501 751 \j.) R410A 49.6/50.4/0/0 110 1.10 148.0 0.350 720 0\ 00 R410A 49.6/50.4/0/0 110 1.10 148.0 0.200 532 R410A 49.6/50.4/0/0 110 1.10 148.0 0.065 418 R410A 49.6/50.4/0/0 110 1.10 248.0 0.915 1135 R410A 49.6/50.4/0/0 110 1.10 248.0 0.802 1119 R410A 49.6/50.4/0/0 110 1.10 248.0 0.683 958 R410A 49.6/50.4/0/0 110 1.10 248.0 0.556 944 R410A 49.6/50.4/0/0 110 1.10 248.0 0.416 924 R410A 49.6/50.4/0/0 110 1.10 248.0 0.274 738 R410A 49.6/50.4/0/0 110 1.10 248.0 0.131 734 R410A 49.6/50.4/0/0 110 1.10 397.1 0.911 1579 R410A 49.6/50.4/0/0 110 1.10 397.1 0.802 1390 R410A 49.6/50.4/0/0 110 1.10 397.1 0.684 1248 R410A 49.6/50.4/0/0 110 1.10 397.1 0.558 1142 R410A 49.6/50.4/0/0 110 1.10 397.1 0.420 1078 R410A 49.6/50.4/0/0 110 1.10 397.1 0.282 842 R410A 49.6/50.4/0/0 110 1.10 397.1 0.145 796 
Table A4.17 Heat transfer data for R410A condensing at 125 of with 0% oil 
Condensing Oil Mass Flow Average Heat Transfer Refrigerant Composition Temperature Concentration Rate Quality Coefficient [Of] [%] [lb/hr] [-] [Btu/ft2 hr oF] 
R410A 49.9/50.1/0/0 125 0 73.7 0.908 902 R410A 49.9/50.1/0/0 125 0 73.7 0.812 782 R410A 49.9/50.1/0/0 125 0 73.7 0.713 672 R410A 49.9/50.1/0/0 125 0 73.7 0.606 690 R410A 49.9/50.1/0/0 125 0 73.7 0.482 701 R410A 49.9/50.1/0/0 125 0 73.7 0.358 518 R410A 49.9/50.1/0/0 125 0 73.7 0.241 466 R410A 49.9/50.1/0/0 125 0 73.7 0.108 466 R410A 49.9/50.1/0/0 125 0 148.8 0.955 1079 R410A 49.9/50.1/0/0 125 0 148.8 0.865 913 R410A 49.9/50.1/0/0 125 0 148.8 0.770 806 VJ R410A 49.9/50.1/0/0 125 0 148.8 0.665 810 0\ \0 R410A 49.9/50.1/0/0 125 0 148.8 0.544 798 R410A 49.9/50.1/0/0 125 0 148.8 0.416 657 R410A 49.9/50.1/0/0 125 0 148.8 0.288 576 R410A 49.9/50.1/0/0 125 0 148.8 0.152 497 R410A 49.9/50.1/0/0 125 0 248.0 0.934 1201 R410A 49.9/50.1/0/0 125 0 248.0 0.844 1044 R410A 49.9/50.1/0/0 125 0 248.0 0.751 927 R410A 49.9/50.1/0/0 125 0 248.0 0.650 959 R410A 49.9/50.1/0/0 125 0 248.0 0.534 979 R410A 49.9/50.1/0/0 125 0 248.0 0.412 809 R410A 49.9/50.1/0/0 125 0 248.0 0.292 736 R410A 49.9/50.1/0/0 125 0 248.0 0.165 627 R410A 49.9/50.1/0/0 125 0 392.8 0.962 1678 R410A 49.9/50.1/0/0 125 0 392.8 0.874 1424 R410A 49.9/50.1/0/0 125 0 392.8 0.780 1301 R410A 49.9/50.1/0/0 125 0 392.8 0.677 1235 R410A 49.9/50.1/0/0 125 0 392.8 0.562 1166 R410A 49.9/50.1/0/0 125 0 392.8 0.441 1018 R410A 49.9/50.1/0/0 125 0 392.8 0.312 963 R410A 49.9/50.1/0/0 125 0 392.8 0.174 788 
Table A4.18 Heat transfer data for R410A condensing at 125 of with 1 % oil 
Condensing Oil Mass Flow Average Heat Transfer Refrigerant Composition Temperature Concentration Rate Quality Coefficient [Of] [%] [lb/hr] [-] [Btu/ft2 hr oF] R410A 50.6/49.4/0/0 125 0.95 73.7 0.903 1176 R410A 50.6/49.4/0/0 125 0.95 73.7 0.775 859 R410A 50.6/49.4/0/0 125 0.95 73.7 0.658 613 R410A 50.6/49.4/0/0 125 0.95 73.7 0.536 672 R410A 50.6/49.4/0/0 125 0.95 73.7 0.397 639 R410A 50.6/49.4/0/0 125 0.95 73.7 0.258 498 R410A 50.6/49.4/0/0 125 0.95 73.7 0.114 532 R410A 50.6/49.4/0/0 125 0.95 148.4 0.955 749 R410A 50.6/49.4/0/0 125 0.95 148.4 0.863 815 R410A 50.6/49.4/0/0 125 0.95 148.4 0.757 763 R410A 50.6/49.4/0/0 125 0.95 148.4 0.641 725 w R410A 50.6/49.4/0/0 125 0.95 148.4 0.510 725 -..J 0 R410A 50.6/49.4/0/0 125 0.95 148.4 0.375 572 R410A 50.6/49.4/0/0 125 0.95 148.4 0.232 601 R410A 50.6/49.4/0/0 125 0.95 148.4 0.083 432 R410A 50.6/49.4/0/0 125 0.95 245.8 0.974 993 R410A 50.6/49.4/0/0 125 0.95 245.8 0.882 1031 R410A 50.6/49.4/0/0 125 0.95 245.8 0.781 957 R410A 50.6/49.4/0/0 125 0.95 245.8 0.670 958 R410A 50.6/49.4/0/0 125 0.95 245.8 0.544 969 R410A 50.6/49.4/0/0 125 0.95 245.8 0.414 793 R410A 50.6/49.4/0/0 125 0.95 245.8 0.286 698 R410A 50.6/49.4/0/0 125 0.95 245.8 0.151 627 R410A 50.6/49.4/0/0 125 0.95 396.6 0.965 1375 R410A 50.6/49.4/0/0 125 0.95 396.6 0.870 1380 R410A 50.6/49.4/0/0 125 0.95 396.6 0.765 1238 R410A 50.6/49.4/0/0 125 0.95 396.6 0.647 1242 R410A 50.6/49.4/0/0 125 0.95 396.6 0.519 1086 R410A 50.6/49.4/0/0 125 0.95 396.6 0.383 1010 R410A 50.6/49.4/0/0 125 0.95 396.6 0.240 898 R410A 50.6/49.4/0/0 125 0.95 396.6 0.096 661 
Table A4.19 Heat transfer data for R410A condensing at 125 of with 3% oil 
Condensing Oil Mass Flow Average Heat Transfer Refrigerant Composition Temperature Concentration Rate Quality Coefficient [Of] [%] [lb/hr] [-] [Btu/ft2 hr oF] R410A 49.6/50.4/0/0 125 2.69 73.4 0.975 592 R410A 49.6/50.4/0/0 125 2.69 73.4 0.838 777 R410A 49.6/50.4/0/0 125 2.69 73.4 0.702 615 R410A 49.6/50.4/0/0 125 2.69 73.4 0.576 568 R410A 49.6/50.4/0/0 125 2.69 73.4 0.449 561 R410A 49.6/50.4/0/0 125 2.69 73.4 0.321 533 R410A 49.6/50.4/0/0 125 2.69 73.4 0.207 395 R410A 49.6/50.4/0/0 125 2.69 147.6 0.097 454 R410A 49.6/50.4/0/0 125 2.69 147.6 0.975 592 R410A 49.6/50.4/0/0 125 2.69 147.6 0.838 777 R410A 49.6/50.4/0/0 125 2.69 147.6 0.702 615 w R410A 49.6/50.4/0/0 125 2.69 147.6 0.576 568 -.J ........ R410A 49.6/50.4/0/0 125 2.69 147.6 0.449 561 R410A 49.6/50.4/0/0 125 2.69 147.6 0.321 533 R410A 49.6/50.4/0/0 125 2.69 147.6 0.207 395 R410A 49.6/50.4/0/0 125 2.69 147.6 0.097 454 R410A 49.6/50.4/0/0 125 2.69 247.0 0.977 789 R410A 49.6/50.4/0/0 125 2.69 247.0 0.844 970 R410A 49.6/50.4/0/0 125 2.69 247.0 0.712 785 R410A 49.6/50.4/0/0 125 2.69 247.0 0.589 732 R410A 49.6/50.4/0/0 125 2.69 247.0 0.464 735 R410A 49.6/50.4/0/0 125 2.69 247.0 0.337 688 R410A 49.6/50.4/0/0 125 2.69 247.0 0.221 540 R410A 49.6/50.4/0/0 125 2.69 247.0 0.115 526 R410A 49.6/50.4/0/0 125 2.69 247.0 0.024 647 R410A 49.6/50.4/0/0 125 2.69 397.1 0.888 1291 R410A 49.6/50.4/0/0 125 2.69 397.1 0.770 1046 R410A 49.6/50.4/0/0 125 2.69 397.1 0.652 1047 R410A 49.6/50.4/0/0 125 2.69 397.1 0.529 976 R410A 49.6/50.4/0/0 125 2.69 397.1 0.403 921 R410A 49.6/50.4/0/0 125 2.69 397.1 0.279 784 R410A 49.6/50.4/0/0 125 2.69 397.1 0.142 987 
Table A4.20 Heat transfer data for R410A condensing at 140 of with 1 % oil 
Condensing Oil Mass Flow Average Heat Transfer Refrigerant Composition Tempemture Concentmtion Rate Quality Coefficient [OJ<] [%] [lb/hr] [-] [Btu/ft2 hr ~ R410A 49.6/50.4/0/0 140 1.10 72.9 0.800 530 R410A 49.6/50.4/0/0 140 1.10 72.9 0.579 506 R410A 49.6/50.4/0/0 140 1.10 72.9 0.365 385 R410A 49.6/50.4/0/0 140 1.10 72.9 0.183 286 R410A 49.6/50.4/0/0 140 1.10 72.9 0.047 238 R410A 49.6/50.4/0/0 140 1.10 148.1 0.986 754 R410A 49.6/50.4/0/0 140 1.10 148.1 0.870 865 R410A 49.6/50.4/0/0 140 1.10 148.1 0.740 720 R410A 49.6/50.4/0/0 140 1.10 148.1 0.604 681 R410A 49.6/50.4/0/0 140 1.10 148.1 0.453 668 R410A 49.6/50.4/0/0 140 1.10 148.1 0.302 502 w R410A 49.6/50.4/0/0 140 1.10 148.1 0.166 400 .......:J tv R410A 49.6/50.4/0/0 140 1.10 148.1 0.028 516 R410A 49.6/50.4/0/0 140 1.10 248.0 0.990 1018 R410A 49.6/50.4/0/0 140 1.10 248.0 0.887 1035 R410A 49.6/50.4/0/0 140 1.10 248.0 0.770 934 R410A 49.6/50.4/0/0 140 1.10 248.0 0.638 902 R410A 49.6/50.4/0/0 140 1.10 248.0 0.487 884 R410A 49.6/50.4/0/0 140 1.10 248.0 0.328 687 R410A 49.6/50.4/0/0 140 1.10 248.0 0.182 513 R410A 49.6/50.4/0/0 140 1.10 248.0 0.041 529 R410A 49.6/50.4/0/0 140 1.10 397.1 0.979 1305 R410A 49.6/50.4/0/0 140 1.10 397.1 0.870 1319 R410A 49.6/50.4/0/0 140 1.10 397.1 0.746 1237 R410A 49.6/50.4/0/0 140 1.10 397.1 0.610 1166 R410A 49.6/50.4/0/0 140 1.10 397.1 0.458 1149 R410A 49.6/50.4/0/0 140 1.10 397.1 0.301 898 R410A 49.6/50.4/0/0 140 1.10 397.1 0.152 739 
Table A4.21 Heat transfer data for fIJ/40/0/O condensing at 125 OF with 0% oil 
Condensing Oil Mass Flow Average Heat Transfer Refrigerant Composition Temperature Concentration Rate Quality Coefficient [OJ<] [%] [lb/hr] [-] [Btu/ft2 hr oF] fIJ/4O/0/O 59.7/40.3/0/0 125 0 73.3 0.908 803 fIJ/4O/0/0 59.7/40.3/0/0 125 0 73.3 0.819 749 fIJ/4O/0/O 59.7/40.3/0/0 125 0 73.3 0.727 624 fIJ/4O/0/O 59.7/40.3/0/0 125 0 73.3 0.627 660 fIJ/4O/O/0 59.7/40.3/0/0 125 0 73.3 0.506 736 fIJ/4O/0/0 59.7/40.3/0/0 125 0 73.3 0.381 532 fIJ/40/O/0 59.7/40.3/0/0 125 0 73.3 0.262 487 fIJ/4O/0/O 59.7/40.3/0/0 125 0 148.3 0.912 1180 fIJ/4O/O/O 59.7/40.3/0/0 125 0 148.3 0.826 1124 fIJ/40/0/O 59.7/40.3/0/0 125 0 148.3 0.735 925 fIJ/4O/0/0 59.7/40.3/0/0 125 0 148.3 0.628 989 fIJ/4O/0/0 59.7/40.3/0/0 125 0 148.3 0.514 725 V;) fIJ/40/0/0 59.7/40.3/0/0 125 0 148.3 0.389 829 -...l V;) fIJ/4O/0/0 59.7/40.3/0/0 125 0 148.3 0.252 614 fIJ/4O/0/0 59.7/40.3/0/0 125 0 148.3 0.118 522 60/40/0/0 59.7/40.3/0/0 125 0 247.7 0.918 1436 60/40/0/0 59.7/40.3/0/0 125 0 247.7 0.820 1314 fIJ/4O/0/O 59.7/40.3/0/0 125 0 247.7 0.720 1102 fIJ/4O/0/0 59.7/40.3/0/0 125 0 247.7 0.604 1204 fIJ/4O/0/O 59.7/40.3/0/0 125 0 247.7 0.483 874 fIJ/4O/0/0 59.7/40.3/0/0 125 0 247.7 0.354 1018 fIJ/40/0/O 59.7/40.3/0/0 125 0 247.7 0.218 715 fIJ/4O/O/O 59.7/40.3/0/0 125 0 247.7 0.094 572 fIJ/4O/0/O 59.7/40.3/0/0 125 0 395.9 0.925 1671 fIJ/4O/O/O 59.7/40.3/0/0 125 0 395.9 0.840 1426 fIJ/4O/0!O 59.7/40.3/0/0 125 0 395.9 0.748 1288 fIJ/4O/O/O 59.7/40.3/0/0 125 0 395.9 0.648 1222 fIJ/4O/0/O 59.7/40.3/0/0 125 0 395.9 0.534 1210 fIJ/4O/O/O 59.7/40.3/0/0 125 0 395.9 0.413 1023 fIJ/4O/O/O 59.7/40.3/0/0 125 0 395.9 0.286 974 fIJ/4O/O/O 59.7/40.3/0/0 125 0 395.9 0.148 795 
Table A4.22 Heat transfer data for fIJ/40/O/O condensing at 125 of with 1 % oil 
Condensing Oil Mass Flow Average Heat Transfer Refrigerant Composition Temperature Concentration Rate Quality Coefficient [Of] [%] [lblhr] [-] [Btu/ft2 hr oF] 
60/40/0/0 60.2/39.8/0/0 125 0.73 73.8 0.929 1008 fIJ/4O/0/O 60.2/39.8/0/0 125 0.73 73.8 0.817 831 60/40/0/0 60.2/39.8/0/0 125 0.73 73.8 0.702 707 60/40/0/0 60.2/39.8/0/0 125 0.73 73.8 0.582 649 60/40/0/0 60.2/39.8/0/0 125 0.73 73.8 0.451 643 60/40/0/0 60.2/39.8/0/0 125 0.73 73.8 0.318 501 60/40/0/0 60.2/39.8/0/0 125 0.73 73.8 0.194 424 60/40/0/0 60.2/39.8/0/0 125 0.73 73.8 0.049 493 fIJ/4O/0/0 60.2/39.8/0/0 125 0.73 148.5 0.931 1188 60/40/0/0 60.2/39.8/0/0 125 0.73 148.5 0.832 968 60/40/0/0 60.2/39.8/0/0 125 0.73 148.5 0.730 822 w 60/40/0/0 60.2/39.8/0/0 125 0.73 148.5 0.618 799 -....J ..j:>.. 60/40/0/0 60.2/39.8/0/0 125 0.73 148.5 0.493 765 60/40/0/0 60.2/39.8/0/0 125 0.73 148.5 0.362 627 60/40/0/0 60.2/39.8/0/0 125 0.73 148.5 0.231 555 60/40/0/0 60.2/39.8/0/0 125 0.73 148.5 0.090 487 60/40/0/0 60.2/39.8/0/0 125 0.73 246.7 0.938 1273 60/40/0/0 60.2/39.8/0/0 125 0.73 246.7 0.842 1130 60/40/0/0 60.2/39.8/0/0 125 0.73 246.7 0.742 1014 60/40/0/0 60.2/39.8/0/0 125 0.73 246.7 0.633 996 60/40/0/0 60.2/39.8/0/0 125 0.73 246.7 0.514 940 60/40/0/0 60.2/39.8/0/0 125 0.73 246.7 0.389 828 60/40/0/0 60.2/39.8/0/0 125 0.73 246.7 0.257 831 60/40/0/0 60.2/39.8/0/0 125 0.73 246.7 0.119 609 60/40/0/0 60.2/39.8/0/0 125 0.73 397.2 0.943 1732 60/40/0/0 60.2/39.8/0/0 125 0.73 397.2 0.852 1435 60/40/0/0 60.2/39.8/0/0 125 0.73 397.2 0.756 1265 60/40/0/0 60.2/39.8/0/0 125 0.73 397.2 0.650 1253 60/40/0/0 60.2/39.8/0/0 125 0.73 397.2 0.532 1140 60/40/0/0 60.2/39.8/0/0 125 0.73 397.2 0.407 1028 60/40/0/0 60.2/39.8/0/0 125 0.73 397.2 0.265 1136 60/40/0/0 60.2/39.8/0/0 125 0.73 397.2 0.117 711 
Table A4.23 Heat transfer data for 30/10/60/0 condensing at 125 of with 0% oil 
Condensing Oil Mass Flow Average Heat Transfer Refrigerant Composition Temperature Concentration Rate Quality Coefficient [Of] [%] [lb/hr] [-] [Btu/ft2 hr oF] 
30/10/60/0 30.5/1 0.0/59.5/0 125 0 74.1 0.788 598 30/10/60/0 30.5/1 0.0/59.5/0 125 0 74.1 0.641 523 30/10/60/0 30.5/10.0/59.5/0 125 0 74.1 0.513 442 30/10/60/0 30.5/10.0/59.5/0 125 0 74.1 0.396 441 30/10/60/0 30.5/10.0/59.5/0 125 0 74.1 0.279 474 30/10/60/0 30.5/10.0/59.5/0 125 0 74.1 0.175 352 30/10/60/0 30.5/10.0/59.5/0 125 0 74.1 0.093 313 30/10/60/0 30.5/10.0/59.5/0 125 0 147.9 0.839 902 30/10/60/0 30.5/10.0/59.5/0 125 0 147.9 0.715 780 30/10/60/0 30.5/10.0/59.5/0 125 0 147.9 0.595 709 30/10/60/0 30.5/10.0/59.5/0 125 0 147.9 0.474 686 30/10/60/0 30.5/10.0/59.5/0 125 0 147.9 0.349 677 w 30/10/60/0 30.5/10.0/59.5/0 125 0 147.9 0.230 533 -...) VI 30/10/60/0 30.5/1 0.0/59 .5/0 125 0 147.9 0.124 452 30/10/60/0 30.5/10.0/59.5/0 125 0 147.9 0.023 684 30/10/60/0 30.5/10.0/59.5/0 125 0 248.4 0.982 1019 30/10/60/0 30.5/10.0/59.5/0 125 0 248.4 0.865 1144 30/10/60/0 30.5/10.0/59.5/0 125 0 248.4 0.749 993 30/10/60/0 30.5/10.0/59.5/0 125 0 248.4 0.637 881 30/10/60/0 30.5/1 0.0/59 .5/0 125 0 248.4 0.525 898 30/10/60/0 30.5/1 0.0/59 .5/0 125 0 248.4 0.405 898 30/10/60/0 30.5/1 0.0/59 .5/0 125 0 248.4 0.289 725 30/10/60/0 30.5/1 0.0/59.5/0 125 0 248.4 0.184 645 30/10/60/0 30.5/10.0/59.5/0 125 0 248.4 0.079 561 30/10/60/0 30.5/1 0.0/59 .5/0 125 0 397.1 0.885 1544 30/10/60/0 30.5/1 0.0/59 .5/0 125 0 397.1 0.779 1325 30/10/60/0 30.5/1 0.0/59.5/0 125 0 397.1 0.672 1207 30/10/60/0 30.5/10.0/59.5/0 125 0 397.1 0.562 1124 30/10/60/0 30.5/1 0.0/59.5/0 125 0 397.1 0.446 1101 30/10/60/0 30.5/1 0.0/59.5/0 125 0 397.1 0.329 930 30/10/60/0 30.5/1 0.0/59 .5/0 125 0 397.1 0.213 876 30/10/60/0 30.5/1 0.0/59 .5/0 125 0 397.1 0.093 713 
Table A4.24 Heat transfer data for 30/1O/fIJ/O condensing at 125 OJ< with 1% oil 
Condensing Oil Mass Flow Average Heat Transfer Refrigerant Composition Temperature Concentration Rate Quality Coefficient [OJ<] [%] [lb/hr] [-] [Btu/ft2 hr oF] 
30/10/60/0 31.5/10.3/58.2/0 125 0.74 74.2 0.914 517 30/10/60/0 31.5/10.3/58.2/0 125 0.74 74.2 0.713 605 30/10/60/0 31.5/1 0.3/58.2/0 125 0.74 74.2 0.530 469 30/10/60/0 31.5/1 0.3/58.2/0 125 0.74 74.2 0.381 385 30/10/60/0 31.5/10.3/58.2/0 125 0.74 74.2 0.253 363 30/10/60/0 31.5/10.3/58.2/0 125 0.74 74.2 0.133 375 30/10/60/0 31.5/10.3/58.2/0 125 0.74 74.2 0.037 243 30/10/60/0 31.5/10.3/58.2/0 125 0.74 148.5 0.954 737 30/10/60/0 31.5/10.3/58.2/0 125 0.74 148.5 0.823 862 30/10/60/0 31.5/10.3/58.2/0 125 0.74 148.5 0.693 697 30/10/60/0 31.5/10.3/58.2/0 125 0.74 148.5 0.574 599 30/10/60/0 31.5/10.3/58.2/0 125 0.74 148.5 0.455 597 v.> 30/10/60/0 31.5/1 0.3/58.2/0 125 0.74 148.5 0.333 579 -J 0\ 30/10/60/0 31.5/1 0.3/58.2/0 125 0.74 148.5 0.218 451 30/10/60/0 31.5/10.3/58.2/0 125 0.74 148.5 0.119 377 30/10/60/0 31.5/1 0.3/58.2/0 125 0.74 148.5 0.024 568 30/10/60/0 31.5/10.3/58.2/0 125 0.74 247.8 0.961 990 30/10/60/0 31.5/10.3/58.2/0 125 0.74 247.8 0.824 1109 30/10/60/0 31.5/1 0.3/58.2/0 125 0.74 247.8 0.691 917 30/10/60/0 31.5/1 0.3/58.2/0 125 0.74 247.8 0.566 817 30/10/60/0 31.5/1 0.3/58.2/0 125 0.74 247.8 0.442 808 30/10/60/0 31.5/1 0.3/58.2/0 125 0.74 247.8 0.313 776 30/10/60/0 31.5/10.3/58.2/0 125 0.74 247.8 0.193 611 30/10/60/0 31.5/10.3/58.2/0 125 0.74 247.8 0.089 502 30/10/60/0 31.5/10.3/58.2/0 125 0.74 396.7 0.972 1340 30/10/60/0 31.5/10.3/58.2/0 125 0.74 396.7 0.862 1517 30/10/60/0 31.5/10.3/58.2/0 125 0.74 396.7 0.750 1260 30/10/60/0 31.5/10.3/58.2/0 125 0.74 396.7 0.639 1119 30/10/60/0 31.5/10.3/58.2/0 125 0.74 396.7 0.526 1062 30/10/60/0 31.5/10.3/58.2/0 125 0.74 396.7 0.408 1019 30/10/60/0 31.5/10.3/58.2/0 125 0.74 396.7 0.288 870 30/10/60/0 31.5/10.3/58.2/0 125 0.74 396.7 0.172 792 30/10/60/0 31.5/10.3/58.2/0 125 0.74 396.7 0.056 774 
Table A4.25 Heat transfer data for 25/On5/O condensing at 125 of with 0% oil 
Condensing Oil Mass Flow Average Heat Transfer Refrigerant Composition Temperature Concentration Rate Quality Coefficient ["F] [%] [lblhr] [ -] [Btu/ft2 hr oF] 25/0n5/0 25.2/0/74.8/0 125 0 76.1 0.918 810 25/0n5/O 25.2/0/74.8/0 125 0 76.1 0.754 748 25/0/75/0 25.2/0/74.8/0 125 0 76.1 0.610 636 25/0n5/O 25.2/0/74.8/0 125 0 76.1 0.485 517 25/0n5/0 25.2/0/74.8/0 125 0 76.1 0.375 492 25/0n5/0 25.2/0/74.8/0 125 0 76.1 0.266 530 25/0n5/O 25.2/0/74.8/0 125 0 76.1 0.171 361 25/0n5/0 25.2/0/74.8/0 125 0 76.1 0.101 295 25/0n5/0 25.2/0/74.8/0 125 0 148.2 0.959 1262 25/0n5/0 25.2/0/74.8/0 125 0 148.2 0.832 1154 25/0n5/0 25.2/0/74.8/0 125 0 148.2 0.712 976 25/0n5/O 25.2/0/74.8/0 125 0 148.2 0.596 851 w 25/0n5/0 25.2/0/74.8/0 125 0 148.2 0.481 806 -...l -...l 25/0n5/0 25.2/0/74.8/0 125 0 148.2 0.361 789 25/0n5/0 25.2/0/74.8/0 125 0 148.2 0.247 602 25/0n5/0 25.2/0/7 4.8/0 125 0 148.2 0.148 501 25/0n5/0 25.2/0/74.8/0 125 0 148.2 0.050 489 25/0n5/O 25.2/0/74.8/0 125 0 247.2 0.869 1206 25/0n5/0 25.2/0/74.8/0 125 0 247.2 0.744 1021 25/0n5/0 25.2/0/74.8/0 125 0 247.2 0.623 916 25/0n5/O 25.2/0/74.8/0 125 0 247.2 0.508 804 25/0n5/0 25.2/0/74.8/0 125 0 247.2 0.389 851 25/0n5/O 25.2/0/74.8/0 125 0 247.2 0.272 695 25/0n5/O 25.2/0/74.8/0 125 0 247.2 0.169 558 25/0n5/O 25.2/0/7 4.8/0 125 0 247.2 0.075 453 25/0/75/0 25.2/0/74.8/0 125 0 393.1 0.880 1951 25/0/75/0 25.2/0/74.8/0 125 0 393.1 0.775 1624 25/0n5/O 25.2/0/74.8/0 125 0 393.1 0.669 1454 25/0/75/0 25.2/0/74.8/0 125 0 393.1 0.560 1316 25/0/75/0 25.2/0/74.8/0 125 0 393.1 0.446 1257 25/0/75/0 25.2/0/74.8/0 125 0 393.1 0.330 1052 25/0n5/O 25.2/0/74.8/0 125 0 393.1 0.216 960 25/0n5/O 25.2/0/74.8/0 125 0 393.1 0.102 754 
Table A4.26 Heat transfer data for 25/On5/O condensing at 125 OF with 1 % oil 
Condensing Oil Mass Flow Average Heat Transfer Refrigerant Composition Temperature Concentration Rate Quality Coefficient [Of] [%] [lb/hr] [-] [Btu/ft2 hr oF] 
25/0n5/O 24.9/0n5.1/0 125 1.14 73.5 0.768 636 25/0n5/0 24.9/0n5.1/0 125 1.14 73.5 0.598 549 25/0n5/O 24.9/0n5.1/0 125 1.14 73.5 0.452 469 25/0n5/O 24.9/0n5.1/0 125 1.14 73.5 0.324 463 25/0n5/O 24.9/0n5.1/0 125 1.14 73.5 0.192 597 25/0n5/0 24.9/0n5.1/0 125 1.14 73.5 0.066 477 25/0n5/O 24. 9/0n 5. 1/0 125 1.14 148.1 0.965 862 25/0n5/0 24.9/0n5.1/0 125 1.14 148.1 0.820 1008 25/0n5/0 24.9/0n 5.1/0 125 1.14 148.1 0.675 842 25/0n5/0 24.9/0n5.1/0 125 1.14 148.1 0.538 728 25/0n5/0 24.9/0n5.1/0 125 1.14 148.1 0.403 686 w 25/0n5/O 24.9/0n5.1/0 125 1.14 148.1 0.264 704 -.....l DC 25/0n5/0 24.9/0n5.1/0 125 1.14 148.1 0.133 504 25/0n5/0 24.9/0n5.1/0 125 1.14 148.1 0.043 250 25/0n5/0 24.9/0n5.1/0 125 1.14 248.0 0.968 1041 25/0n5/0 24.9/0n5.1/0 125 1.14 248.0 0.828 1165 25/0n5/O 24.9/0n5.1/0 125 1.14 248.0 0.689 999 25/0n5/O 24.9/0n5.1/0 125 1.14 248.0 0.553 955 25/0n5/0 24.9/0n5.1/0 125 1.14 248.0 0.419 834 25/0n5/0 24.9/0n5.1/0 125 1.14 248.0 0.283 853 25/0n5/0 24.9/0n5.1/0 125 1.14 248.0 0.152 686 25/0n5/0 24.9/0n5.1/0 125 1.14 248.0 0.050 413 25/0n5/0 24.9/0n5.1/0 125 1.14 397.1 0.896 1513 25/0n5/O 24. 9/0n 5. 1/0 125 1.14 397.1 0.779 1305 25/0n5/O 24.9/0n5.1/0 125 1.14 397.1 0.659 1249 25/0n5/O 24.9/0n5.1/0 125 1.14 397.1 0.535 1090 25/0n5/O 24.9/0n5.1/0 125 1.14 397.1 0.407 1102 25/0n5/O 24.9/0n5.1/0 125 1.14 397.1 0.276 925 25/0n5/O 24.9/0n5.1/0 125 1.14 397.1 0.154 735 
Table A4.27 Heat transfer data for R502 condensing at 110 of with 1% oil 
Condensing Oil Mass Flow Average Heat Transfer 
Refrigerant Composition Temperature Concentration Rate Quality Coefficient 
[opj [%] [lblhr] [-] [Btu/ft2 hr oF] 
R502 100 110 0.99 74.0 0.975 800 
R502 100 110 0.99 74.0 0.788 784 
R502 100 110 0.99 74.0 0.595 693 
R502 100 110 0.99 74.0 0.401 561 
R502 100 110 0.99 74.0 0.209 511 
R502 100 110 0.99 148.5 0.871 782 
R502 100 110 0.99 148.5 0.739 818 
RS02 100 110 0.99 148.5 0.596 672 
R502 100 110 0.99 148.5 0.447 642 
R502 100 110 0.99 148.5 0.285 615 
R502 100 110 0.99 148.5 0.127 458 
v.> RS02 100 110 0.99 247.8 0.904 985 
-..,J 
\0 R502 100 110 0.99 247.8 0.783 850 
R502 100 110 0.99 247.8 0.657 738 
R502 100 110 0.99 247.8 0.522 722 
R502 100 110 0.99 247.8 0.371 686 
R502 100 110 0.99 247.8 0.218 546 
R502 100 110 0.99 397.1 0.884 1180 
R502 100 110 0.99 397.1 0.759 1093 
R502 100 110 0.99 397.1 0.630 940 
R502 100 110 0.99 397.1 0.497 873 
R502 100 110 0.99 397.1 0.355 850 
RS02 100 110 0.99 397.1 0.214 671 
R502 100 110 0.99 397.1 0.085 547 
Table A4.28 Heat transfer data for R502 condensing at 125 of with 0% oil 
Condensing Oil Mass Flow Average Heat Transfer Refrigerant Composition Temperature Concentration Rate Quality Coefficient [ap:) [%] [lblhr] [ -] [Btu/ft2 hr oF] 
R502 100 125 0 73.9 0.928 1199 R502 100 125 0 73.9 0.807 558 R502 100 125 0 73.9 0.701 687 R502 100 125 0 73.9 0.592 499 R502 100 125 0 73.9 0.482 501 R502 100 125 0 73.9 0.354 569 R502 100 125 0 73.9 0.226 392 R502 100 125 0 73.9 0.126 233 R502 100 125 0 148.4 0.950 1231 R502 100 125 0 148.4 0.847 694 R502 100 125 0 148.4 0.754 723 R502 100 125 0 148.4 0.657 598 u.> R502 100 125 0 148.4 0.547 658 00 0 R502 100 125 0 148.4 0.429 541 R502 100 125 0 148.4 0.305 559 R502 100 125 0 148.4 0.178 411 R502 100 125 0 246.6 0.924 920 R502 100 125 0 246.6 0.834 914 R502 100 125 0 246.6 0.742 742 R502 100 125 0 246.6 0.633 848 R502 100 125 0 246.6 0.517 637 R502 100 125 0 246.6 0.390 743 R502 100 125 0 246.6 0.251 552 R502 100 125 0 246.6 0.111 521 R502 100 125 0 397.5 0.896 1107 R502 100 125 0 397.5 0.791 976 RS02 100 125 0 397.5 0.682 882 RS02 100 125 0 397.5 0.568 845 RS02 100 125 0 397.5 0.444 835 RS02 100 125 0 397.5 0.315 710 RS02 100 125 0 397.5 0.188 658 RS02 100 125 0 397.5 0.057 663 
Table A4.29 Heat transfer data for R502 condensing at 125 of with 1 % oil 
Condensing Oil Mass Flow Average Heat Transfer Refrigerant Composition Temperature Concentration Rate Quality Coefficient ["F] [%] [lb/hr] [-] [Btu/ft2 hr oF] 
R502 100 125 1.18 73.4 0.956 337 R502 100 125 1.18 73.4 0.785 553 R502 100 125 1.18 73.4 0.599 390 R502 100 125 1.18 73.4 0.430 354 R502 100 125 1.18 73.4 0.268 298 R502 100 125 1.18 73.4 0.107 301 R502 100 125 1.18 148.2 0.988 583 R502 100 125 1.18 148.2 0.867 634 R502 100 125 1.18 148.2 0.742 543 R502 100 125 1.18 148.2 0.609 563 R502 100 125 1.18 148.2 0.471 452 w R502 100 125 1.18 148.2 0.329 470 00 ........ R502 100 125 1.18 148.2 0.187 359 R502 100 125 1.18 148.2 0.060 338 R502 100 125 1.18 248.4 0.891 997 R502 100 125 1.18 248.4 0.774 790 R502 100 125 1.18 248.4 0.653 746 R502 100 125 1.18 248.4 0.521 674 R502 100 125 1.18 248.4 0.379 652 R502 100 125 1.18 248.4 0.235 524 R502 100 125 1.18 248.4 0.096 447 R502 100 125 1.18 397.1 0.993 1074 R502 100 125 1.18 397.1 0.879 1211 R502 100 125 1.18 397.1 0.761 986 R502 100 125 1.18 397.1 0.639 940 R502 100 125 1.18 397.1 0.513 814 R502 100 125 1.18 397.1 0.379 814 R502 100 125 1.18 397.1 0.243 677 R502 100 125 1.18 397.1 0.114 574 
Table A4.30 Heat transfer data for R502 condensing at 125 of with 3% oil 
Condensing Oil Mass Flow Average Heat Transfer 
Refrigerant Composition Temperature Concentration Rate Quality Coefficient 
[Of] [%] [lb/hr] [-] [Btu/ft2 hr oF] 
R502 100 125 2.81 79.2 0.986 670 
R502 100 125 2.81 79.2 0.852 678 
R502 100 125 2.81 79.2 0.702 732 
R502 100 125 2.81 79.2 0.549 520 
R502 100 125 2.81 79.2 0.401 509 
R502 100 125 2.81 79.2 0.238 511 
R502 100 125 2.81 79.2 0.096 278 
R502 100 125 2.81 147.5 0.892 676 
R502 100 125 2.81 147.5 0.770 730 
R502 100 125 2.81 147.5 0.638 592 
R502 100 125 2.81 147.5 0.503 581 
w R502 100 125 2.81 147.5 0.354 564 00 
tv R502 100 125 2.81 147.5 0.212 397 
R502 100 125 2.81 147.5 0.085 357 
R502 100 125 2.81 248.0 0.906 798 
R502 100 125 2.81 248.0 0.799 798 
R502 100 125 2.81 248.0 0.682 691 
R502 100 125 2.81 248.0 0.557 678 
R502 100 125 2.81 248.0 0.420 646 
R502 100 125 2.81 248.0 0.286 479 
R502 100 125 2.81 248.0 0.157 459 
R502 100 125 2.81 396.3 0.908 1092 
R502 100 125 2.81 396.3 0.792 1100 
R502 100 125 2.81 396.3 0.668 950 
R502 100 125 2.81 396.3 0.541 883 
R502 100 125 2.81 396.3 0.403 865 
R502 100 125 2.81 396.3 0.263 721 
R502 100 125 2.81 396.3 0.131 589 
Table A4.31 Heat transfer data for RS02 condensing at 140 OF with 1 % oil 
Condensing Oil Mass Flow Average Heat Transfer Refrigerant Composition Temperature Concentration Rate Quality Coefficient [opj [%] [lb/hr] [ -] [B tU/ft2 hr oF] 
RS02 100 140 0.99 73.2 0.93S 329 RS02 100 140 0.99 73.2 0.786 S29 RS02 100 140 0.99 73.2 0.61S 389 RS02 100 140 0.99 73.2 0.4S1 390 RS02 100 140 0.99 73.2 0.269 406 RS02 100 140 0.99 73.2 0.110 230 RS02 100 140 0.99 148.0 0.900 447 RS02 100 140 0.99 148.0 0.763 667 RS02 100 140 0.99 148.0 0.601 538 R502 100 140 0.99 148.0 0.437 517 R502 100 140 0.99 148.0 0.262 498 w RS02 100 140 0.99 148.0 0.098 340 00 w R502 100 140 0.99 248.0 0.956 681 R502 100 140 0.99 248.0 0.840 782 R502 100 140 0.99 248.0 0.708 697 RS02 100 140 0.99 248.0 0.S66 656 RS02 100 140 0.99 248.0 0.411 639 R502 100 140 0.99 248.0 0.253 509 RS02 100 140 0.99 248.0 0.109 402 RS02 100 140 0.99 397.1 0.925 939 R502 100 140 0.99 397.1 0.796 1033 RS02 100 140 0.99 397.1 0.652 919 R502 100 140 0.99 397.1 0.S02 865 R502 100 140 0.99 397.1 0.341 832 RS02 100 140 0.99 397.1 0.184 639 
Table A4.32 Heat transfer data for R404A condensing at 110 of with 1 % oil 
Condensing Oil Mass Flow Average Heat Transfer Refrigerant Composition Temperature Concentration Rate Quality Coefficient [Of] [%] [lb/hr] [-] [Btu/ft2 hr oF] R404A 0/42.9/5.6/51.5 110 0.90 72.2 0.998 652 R404A 0/42.9/5.6/51.5 110 0.90 72.2 0.850 429 R404A 0/42.9/5.6/51.5 110 0.90 72.2 0.697 665 R404A 0/42.9/5.6/51.5 110 0.90 72.2 0.518 525 R404A 0/42.9/5.6/51.5 110 0.90 72.2 0.343 500 R404A 0/42.9/5.6/51.5 110 0.90 72.2 0.165 456 R404A 0/42.9/5.6/51.5 110 0.90 148.0 0.890 645 R404A 0/42.9/5.6/51.5 110 0.90 148.0 0.754 748 R404A 0/42.9/5.6/51.5 110 0.90 148.0 0.604 622 R404A 0/42.9/5.6/51.5 110 0.90 148.0 0.451 591 R404A 0/42.9/5.6/51.5 110 0.90 148.0 0.289 553 w R404A 0/42.9/5.6/51.5 110 0.90 148.0 0.135 399 00 .j::>. R404A 0/42.9/5.6/51.5 110 0.90 248.0 0.899 875 R404A 0/42.9/5.6/51.5 110 0.90 248.0 0.774 867 R404A 0/42.9/5.6/51.5 110 0.90 248.0 0.638 755 R404A 0/42.9/5.6/51.5 110 0.90 248.0 0.493 723 R404A 0/42.9/5.6/51.5 110 0.90 248.0 0.335 678 R404A 0/42.9/5.6/51.5 110 0.90 248.0 0.178 527 R404A 0/42.9/5.6/51.5 110 0.90 248.0 0.052 316 R404A 0/42.9/5.6/51.5 110 0.90 396.7 0.895 1150 R404A 0/42.9/5.6/51.5 110 0.90 396.7 0.766 1136 R404A 0/42.9/5.6/51.5 110 0.90 396.7 0.628 990 R404A 0/42.9/5.6/51.5 110 0.90 396.7 0.488 889 R404A 0/42.9/5.6/51.5 110 0.90 396.7 0.340 845 R404A 0/42.9/5.6/51.5 110 0.90 396.7 0.193 697 R404A 0/42.9/5.6/51.5 110 0.90 ·396.7 0.064 482 
Table A4.33 Heat transfer data for R404A condensing at 125 of with 0% oil 
Condensing Oil Mass Flow Average Heat Transfer Refrigerant Composition Temperature Concentration Rate Quality Coefficient [Of] [%] [lb/hr] [-] [Btu/ft2 hr oF] R404A 0/43.9/4.1/52.0 125 0 76.2 0.930 661 R404A 0/43.9/4.1/52.0 125 0 76.2 0.848 660 R404A 0/43.9/4.1/52.0 125 0 76.2 0.760 586 R404A 0/43.9/4.1/52.0 125 0 76.2 0.664 644 R404A 0/43.9/4.1/52.0 125 0 76.2 0.549 695 R404A 0/43.9/4.1/52.0 125 0 76.2 0.435 472 R404A 0/43.9/4.1/52.0 125 0 76.2 0.333 429 R404A 0/43.9/4.1/52.0 125 0 148.0 0.992 699 R404A 0/43.9/4.1/52.0 125 0 148.0 0.875 708 R404A 0/43.9/4.1/52.0 125 0 148.0 0.754 640 R404A 0/43.9/4.1/52.0 125 0 148.0 0.631 555 R404A 0/43.9/4.1/52.0 125 0 148.0 0.500 563 w R404A 0/43.9/4.1/52.0 125 0 148.0 0.357 532 00 VI R404A 0/43.9/4.1/52.0 125 0 148.0 0.221 393 R404A 0/43.9/4.1/52.0 125 0 148.0 0.106 297 R404A 0/43.9/4.1/52.0 125 0 248.0 0.953 969 R404A 0/43.9/4.1/52.0 125 0 248.0 0.866 848 R404A 0/43.9/4.1/52.0 125 0 248.0 0.775 759 R404A 0/43.9/4.1/52.0 125 0 248.0 0.676 752 R404A 0/43.9/4.1/52.0 125 0 248.0 0.560 784 R404A 0/43.9/4.1/52.0 125 0 248.0 0.436 644 R404A 0/43.9/4.1/52.0 125 0 248.0 0.311 586 R404A 0/43.9/4.1/52.0 125 0 248.0 0.177 502 R404A 0/43.9/4.1/52.0 125 0 397.1 0.964 1338 R404A 0/43.9/4.1/52.0 125 0 397.1 0.873 1152 R404A 0/43.9/4.1/52.0 125 0 397.1 0.779 1054 R404A 0/43.9/4.1/52.0 125 0 397.1 0.678 1004 R404A 0/43.9/4.1/52.0 125 0 397.1 0.567 1016 R404A 0/43.9/4.1/52.0 125 0 397.1 0.450 832 R404A 0/43.9/4.1/52.0 125 0 397.1 0.333 805 R404A 0/43.9/4.1/52.0 125 0 397.1 0.204 699 
Table A4.34 Heat transfer data for R404A condensing at 125 OF with 1 % oil 
Condensing Oil Mass Flow Average Heat Transfer Refrigerant Composition Temperature Concentration Rate Quality Coefficient [Of] [%] [lb/hr] [ -] [Btu/ft2 hr oF] 
R404A 0/44.0/3.9/52.1 125 0.80 73.3 0.930 833 R404A 0/44.0/3.9/52.1 125 0.80 73.3 0.780 661 R404A 0/44.0/3.9/52.1 125 0.80 73.3 0.626 661 R404A 0/44.0/3.9/52.1 125 0.80 73.3 0.471 515 R404A 0/44.0/3.9/52.1 125 0.80 73.3 0.282 788 R404A 0/44.0/3.9/52.1 125 0.80 148.2 0.939 627 R404A 0/44.0/3.9/52.1 125 0.80 148.2 0.821 652 R404A 0/44.0/3.9/52.1 125 0.80 148.2 0.691 589 R404A 0/44.0/3.9/52.1 125 0.80 148.2 0.557 537 R404A 0/44.0/3.9/52.1 125 0.80 148.2 0.400 651 R404A 0/44.0/3.9/52.1 125 0.80 148.2 0.236 464 w R404A 0/44.0/3.9/52.1 125 0.80 148.2 0.108 285 00 0\ R404A 0/44.0/3.9/52.1 125 0.80 247.7 0.970 954 R404A 0/44.0/3.9/52.1 125 0.80 247.7 0.872 866 R404A 0/44.0/3.9/52.1 125 0.80 247.7 0.760 885 R404A 0/44.0/3.9/52.1 125 0.80 247.7 0.637 781 R404A 0/44.0/3.9/52.1 125 0.80 247.7 0.494 885 R404A 0/44.0/3.9/52.1 125 0.80 247.7 0.336 697 R404A 0/44.0/3.9/52.1 125 0.80 247.7 0.189 528 R404A 0/44.0/3.9/52.1 125 0.80 397.1 0.984 1307 R404A 0/44.0/3.9/52.1 125 0.80 397.1 0.868 1100 R404A 0/44.0/3.9/52.1 125 0.80 397.1 0.746 1067 R404A 0/44.0/3.9/52.1 125 0.80 397.1 0.614 970 R404A 0/44.0/3.9/52.1 125 0.80 397.1 0.467 1045 R404A 0/44.0/3.9/52.1 125 0.80 397.1 0.312 834 R404A 0/44.0/3.9/52.1 125 0.80 397.1 0.169 645 
Table A4.35 Heat transfer data for R404A condensing at 125 of with 3% oil 
Condensing Oil Mass Flow Average Heat Transfer Refrigerant Composition Temperature Concentration Rate QUality Coefficient [Of] [%] [lb/hr] [-] [Btu/ft2 hr oF] R404A 0/43.0/5.6/51.4 125 3.22 73.4 0.938 236 R404A 0/43.0/5.6/51.4 125 3.22 73.4 0.838 617 R404A 0/43.0/5.6/51.4 125 3.22 73.4 0.702 507 R404A 0/43.0/5.6/51.4 125 3.22 73.4 0.559 550 R404A 0/43.0/5.6/51.4 125 3.22 73.4 0.392 591 R404A 0/43.0/5.6/51.4 125 3.22 73.4 0.228 415 R404A 0/43.0/5.6/51.4 . 125 3.22 73.4 0.098 285 R404A 0/43.0/5.6/51.4 125 3.22 148.1 0.953 463 R404A 0/43.0/5.6/51.4 125 3.22 148.1 0.853 575 R404A 0/43.0/5.6/51.4 125 3.22 148.1 0.738 519 R404A 0/43.0/5.6/51.4 125 3.22 148.1 0.606 634 w R404A 0/43.0/5.6/51.4 125 3.22 148.1 0.447 634 00 '-l R404A 0/43.0/5.6/51.4 125 3.22 148.1 0.288 482 R404A 0/43.0/5.6/51.4 125 3.22 148.1 0.145 389 R404A 0/43.0/5.6/51.4 125 3.22 247.5 0.957 737 R404A 0/43.0/5.6/51.4 125 3.22 247.5 0.851 802 R404A 0/43.0/5.6/51.4 125 3.22 247.5 0.728 777 R404A 0/43.0/5.6/51.4 125 3.22 247.5 0.588 783 R404A 0/43.0/5.6/51.4 125 3.22 247.5 0.433 724 R404A 0/43.0/5.6/51.4 125 3.22 247.5 0.279 546 R404A 0/43.0/5.6/51.4 125 3.22 247.5 0.135 473 R404A 0/43.0/5.6/51.4 125 3.22 397.0 0.900 1069 R404A 0/43.0/5.6/51.4 125 3.22 397.0 0.776 1067 R404A 0/43.0/5.6/51.4 125 3.22 397.0 0.637 1066 R404A 0/43.0/5.6/51.4 125 3.22 397.0 0.484 1016 R404A 0/43.0/5.6/51.4 125 3.22 397.0 0.329 818 R404A 0/43.0/5.6/51.4 125 3.22 397.0 0.180 717 R404A 0/43.0/5.6/51.4 125 3.22 397.0 0.040 728 
Table A4.36 Heat transfer data for R404A condensing at 140 of with 1 % oil 
Condensing Oil Mass Flow Average Heat Transfer Refrigerant Composition Temperature Concentration Rate Quality Coefficient [Of] [%] [lblhr] [ -] [B tu/ft2 hr oF] 
R404A 0/42.9/5.6/51.5 140 0.90 73.3 0.827 551 R404A 0/42.9/5.6/51.5 140 0.90 73.3 0.664 409 R404A 0/42.9/5.6/51.5 140 0.90 73.3 0.508 405 R404A 0/42.9/5.6/51.5 140 0.90 73.3 0.340 413 R404A 0/42.9/5.6/51.5 140 0.90 73.3 0.192 251 R404A 0/42.9/5.6/51.5 140 0.90 147.5 0.988 1047 R404A 0/42.9/5.6/51.5 140 0.90 147.5 0.830 655 R404A 0/42.9/5.6/51.5 140 0.90 147.5 0.679 658 R404A 0/42.9/5.6/51.5 140 0.90 147.5 0.534 449 R404A 0/42.9/5.6/51.5 140 0.90 147.5 0.394 467 R404A 0/42.9/5.6/51.5 140 0.90 147.5 0.250 397 w R404A 0/42.9/5.6/51.5 140 0.90 147.5 0.096 439 00 00 R404A 0/42.9/5.6/51.5 140 0.90 248.0 0.902 766 R404A 0/42.9/5.6/51.5 140 0.90 248.0 0.772 690 R404A 0/42.9/5.6/51.5 140 0.90 248.0 0.631 677 R404A 0/42.9/5.6/51.5 140 0.90 248.0 0.473 664 R404A 0/42.9/5.6/51.5 140 0.90 248.0 0.315 511 R404A 0/42.9/5.6/51.5 140 0.90 248.0 0.175 381 R404A 0/42.9/5.6/51.5 140 0.90 248.0 0.040 415 R404A 0/42.9/5.6/51.5 140 0.90 397.1 0.981 1293 R404A 0/42.9/5.6/51.5 140 0.90 397.1 0.846 1120 R404A 0/42.9/5.6/51.5 140 0.90 397.1 0.708 977 R404A 0/42.9/5.6/51.5 140 0.90 397.1 0.563 931 R404A 0/42.9/5.6/51.5 140 0.90 397.1 0.405 917 R404A 0/42.9/5.6/51.5 140 0.90 397.1 0.244 745 R404A 0/42.9/5.6/51.5 140 0.90 397.1 0.092 622 
Table A4.37 Heat transfer data for R507 condensing at 110 of with 1 % oil 
Condensing Oil Mass Flow Average Heat Transfer Refrigerant Composition Temperature Concentration Rate Quality Coefficient [Of] [%] [lb/hr] [-] [Btu/ft2 hr oF] 
R507 0/48.8/0/51.2 110 0.96 73.7 0.976 753 R507 0/48.8/0/51.2 110 0.96 73.7 0.795 819 R507 0/48.8/0/51.2 110 0.96 73.7 0.608 662 R507 0/48.8/0/51.2 110 0.96 73.7 0.430 515 R507 0/48.8/0/51.2 110 0.96 73.7 0.256 485 R507 0/48.8/0/51.2 110 0.96 73.7 0.077 486 R507 0/48.8/0/51.2 110 0.96 147.8 0.891 1048 R507 0/48.8/0/51.2 110 0.96 147.8 0.757 804 R507 0/48.8/0/51.2 110 0.96 147.8 0.623 673 R507 0/48.8/0/51.2 110 0.96 147.8 0.484 643 R507 0/48.8/0/51.2 110 0.96 147.8 0.330 625 w R507 0/48.8/0/51.2 110 0.96 147.8 0.178 475 00 \0 R507 0/48.8/0/51.2 110 0.96 248.0 0.940 1127 R507 0/48.8/0/51.2 110 0.96 248.0 0.821 930 R507 0/48.8/0/51.2 110 0.96 248.0 0.697 798 R507 0/48.8/0/51.2 110 0.96 248.0 0.563 781 R507 0/48.8/0/51.2 110 0.96 248.0 0.412 739 R507 0/48.8/0/51.2 110 0.96 248.0 0.258 599 R507 0/48.8/0/51.2 110 0.96 248.0 0.117 435 R507 0/48.8/0/51.2 110 0.96 397.1 0.904 1373 R507 0/48.8/0/51.2 110 0.96 397.1 0.786 1056 R507 0/48.8/0/51.2 110 0.96 397.1 0.663 1065 R507 0/48.8/0/51.2 110 0.96 397.1 0.528 985 R507 0/48.8/0/51.2 110 0.96 397.1 0.385 920 R507 0/48.8/0/51.2 110 0.96 397.1 0.240 753 R507 0/48.8/0/51.2 110 0.96 397.1 0.111 544 
Table A4.38 Heat transfer data for R507 condensing at 125 of with 0% oil 
Condensing Oil Mass Flow Average Heat Transfer Refrigerant Composition Temperature Concentration Rate Quality Coefficient [opj [%] [lb/hr] [ -] [Btu/ft2 hr oF] R507 0/49.1/0/50.9 125 0 74.0 0.915 969 R507 0/49.1/0/50.9 125 0 74.0 0.799 840 R507 0/49.1/0/50.9 125 0 74.0 0.682 674 R507 0/49.1/0/50.9 125 0 74.0 0.559 653 R507 0/49.1/0/50.9 125 0 74.0 0.416 719 R507 0/49.1/0/50.9 125 0 74.0 0.277 449 R507 0/49.1/0/50.9 125 0 74.0 0.159 384 R507 0/49.1/0/50.9 125 0 148.7 0.940 809 R507 0/49.1/0/50.9 125 0 148.7 0.845 814 R507 0/49.1/0/50.9 125 0 148.7 0.747 657 R507 0/49.1/0/50.9 125 0 148.7 0.635 723 w R507 0/49.1/0/50.9 125 0 148.7 0.517 557 \0 0 R507 0/49.1/0/50.9 125 0 148.7 0.393 597 R507 0/49.1/0/50.9 125 0 148.7 0.260 471 R507 0/49.1/0/50.9 125 0 148.7 0.130 413 R507 0/49.1/0/50.9 125 0 247.9 0.992 1196 R507 0/49.1/0/50.9 125 0 247.9 0.903 950 R507 0/49.1/0/50.9 125 0 247.9 0.811 921 R507 0/49.1/0/50.9 125 0 247.9 0.716 762 R507 0/49.1/0/50.9 125 0 247.9 0.602 885 R507 0/49.1/0/50.9 125 0 247.9 0.480 639 R507 0/49.1/0/50.9 125 0 247.9 0.349 736 R507 0/49.1/0/50.9 125 0 247.9 0.206 546 R507 0/49.1/0/50.9 125 0 247.9 0.074 427 R507 0/49.1/0/50.9 125 0 397.1 0.963 1482 R507 0/49.1/0/50.9 125 0 397.1 0.859 1229 R507 0/49.1/0/50.9 125 0 397.1 0.752 1095 R507 0/49.1/0/50.9 125 0 397.1 0.639 1024 R507 0/49.1/0/50.9 125 0 397.1 0.514 1008 RS07 0/49.1/0/50.9 125 0 397.1 0.385 837 R507 0/49.1/0/50.9 125 0 397.1 0.254 792 R507 0/49.1/0/50.9 125 0 397.1 0.109 706 
Table A4.39 Heat transfer data for R507 condensing at 125 of with 1 % oil 
Condensing Oil Mass Flow Average Heat Transfer 
Refrigerant Composition Temperature Concentration Rate Quality Coefficient 
[opj [%] [lb/hr] [ -] [Btu/ft2 hr oF] 
R507 0/48.7/0/51.3 125 1.25 73.8 0.872 765 
R507 0/48.7/0/51.3 125 1.25 73.8 0.716 483 
R507 0/48.7/0/51.3 125 1.25 73.8 0.555 603 
R507 0/48.7/0/51.3 125 1.25 73.8 0.382 463 
R507 0/48.7/0/51.3 125 1.25 73.8 0.182 630 
R507 0/48.7/0/51.3 125 1.25 148.2 0.969 537 
R507 0/48.7/0/51.3 125 1.25 148.2 0.872 553 
R507 0/48.7/0/51.3 125 1.25 148.2 0.755 656 
R507 0/48.7/0/51.3 125 1.25 148.2 0.621 587 
R507 0/48.7/0/51.3 125 1.25 148.2 0.464 702 
R507 0/48.7/0/51.3 125 1.25 148.2 0.305 460 
w R507 0/48.7/0/51.3 125 1.25 148.2 0.137 592 \0 
...... RS07 0/48.7/0/51.3 125 1.25 247.8 0.927 766 
R507 0/48.7/0/51.3 125 1.25 247.8 0.821 892 
R507 0/48.7/0/51.3 125 1.25 247.8 0.696 821 
R507 0/48.7/0/51.3 125 1.25 247.8 0.550 906 
R507 0/48.7/0/51.3 125 1.25 247.8 0.396 638 
R507 0/48.7/0/51.3 125 1.25 247.8 0.237 695 
R507 0/48.7/0/51.3 125 1.25 247.8 0.067 522 
R507 0/48.7/0/51.3 125 1.25 396.6 0.973 1016 
R507 0/48.7/0/51.3 125 1.25 396.6 0.856 1123 
R507 0/48.7/0/51.3 125 1.25 396.6 0.723 1031 
R507 0/48.7/0/51.3 125 1.25 396.6 0.570 1146 
R507 0/48.7/0/51.3 125 1.25 396.6 0.411 836 
R507 0/48.7/0/51.3 125 1.25 396.6 0.243 980 
R507 0/48.7/0/51.3 125 1.25 396.6 0.075 546 
Table A4.40 Heat transfer data for R507 condensing at 125 OF with 3% oil 
Condensing Oil Mass Flow Average Heat Transfer Refrigerant Composition Temperature Concentration Rate Quality Coefficient [Of] [%] [lb/hr] [ -] [Btu/ft2 hr oF] 
R507 0/49.4/0/50.6 125 3.38 73.4 0.893 325 R507 0/49.4/0/50.6 125 3.38 73.4 0.752 503 R507 0/49.4/0/50.6 125 3.38 73.4 0.576 475 R507 0/49.4/0/50.6 125 3.38 73.4 0.383 490 R507 0/49.4/0/50.6 125 3.38 73.4 0.181 424 R507 0/49.4/0/50.6 125 3.38 73.4 0.020 500 R507 0/49.4/0/50.6 125 3.38 147.6 0.973 428 R507 0/49.4/0/50.6 125 3.38 147.6 0.879 525 R507 0/49.4/0/50.6 125 3.38 147.6 0.779 407 R507 0/49.4/0/50.6 125 3.38 147.6 0.658 626 R507 0/49.4/0/50.6 125 3.38 147.6 0.504 588 VJ R507 0/49.4/0/50.6 125 3.38 147.6 0.352 462 \0 N R507 0/49.4/0/50.6 125 3.38 147.6 0.183 581 R507 0/49.4/0/50.6 125 3.38 247.2 0.993 844 R507 0/49.4/0/50.6 125 3.38 247.2 0.898 598 R507 0/49.4/0/50.6 125 3.38 247.2 0.796 716 R507 0/49.4/0/50.6 125 3.38 247.2 0.667 784 R507 0/49.4/0/50.6 125 3.38 247.2 0.519 730 R507 0/49.4/0/50.6 125 3.38 247.2 0.370 562 R507 0/49.4/0/50.6 125 3.38 247.2 0.212 612 R507 0/49.4/0/50.6 125 3.38 247.2 0.053 476 R507 0/49.4/0/50.6 125 3.38 397.1 0.967 1191 R507 0/49.4/0/50.6 125 3.38 397.1 0.858 944 R507 0/49.4/0/50.6 125 3.38 397.1 0.742 1020 R507 0/49.4/0/50.6 125 3.38 397.1 0.606 1056 R507 0/49.4/0/50.6 125 3.38 397.1 0.455 984 R507 0/49.4/0/50.6 125 3.38 397.1 0.303 793 R507 0/49.4/0/50.6 125 3.38 397.1 0.141 871 
Table A4.41 Heat transfer data for R507 condensing at 140 of with 1 % oil 
Condensing Oil Mass Flow Average Heat Transfer 
Refrigerant Composition Temperature Concentration Rate Quality Coefficient 
[Of] [%] [lblhr] [-] [Btu/ft2 hr oF] 
R507 0/48.8/0/51.2 140 0.96 73.3 0.762 527 
R507 0/48.8/0/51.2 140 0.96 73.3 0.514 357 
R507 0/48.8/0/51.2 140 0.96 73.3 0.268 420 
R507 0/48.8/0/51.2 140 0.96 148.2 0.928 526 
R507 0/48.8/0/51.2 140 0.96 148.2 0.779 464 
R507 0/48.8/0/51.2 140 0.96 148.2 0.617 503 
R507 0/48.8/0/51.2 140 0.96 148.2 0.436 480 
R507 0/48.8/0/51.2 140 0.96 148.2 0.267 341 
R507 0/48.8/0/51.2 140 0.96 148.2 0.100 381 
R507 0/48.8/0/51.2 140 0.96 248.0 0.938 756 
R507 0/48.8/0/51.2 140 0.96 248.0 0.798 693 
v.> R507 0/48.8/0/51.2 140 0.96 248.0 0.642 686 \C 
v.> R507 0/48.8/0/51.2 140 0.96 248.0 0.469 663 
R507 0/48.8/0/51.2 140 0.96 248.0 0.294 510 
R507 . 0/48.8/0/51.2 140 0.96 248.0 0.141 371 
R507 0/48.8/0/51.2 140 0.96 397.1 0.958 1138 
R507 0/48.8/0/51.2 140 0.96 397.1 0.822 1019 
R507 0/48.8/0/51.2 140 0.96 397.1 0.674 1010 
R507 0/48.8/0/51.2 140 0.96 397.1 0.507 1026 
R507 0/48.8/0/51.2 140 0.96 397.1 0.332 839 
R507 0/48.8/0/51.2 140 0.96 397.1 0.178 573 
R507 0/48.8/0/51.2 140 0.96 397.1 0.036 617 
Table A4.42 Heat transfer data for 10/45/0/45 condensing at 125 of with 0% oil 
Condensing Oil Mass Flow Average Heat Transfer Refrigerant Composition Temperature Concentration Rate Quality Coefficient [Of] [%] [lb/hr] [ -] [Btu/ft2 hr oF] 10/45/0/45 8.6/44.9/0/46.5 125 0 73.4 0.887 657 10/45/0/45 8.6/44.9/0/46.5 125 0 73.4 0.786 617 10/45/0/45 8.6/44.9/0/46.5 125 0 73.4 0.684 534 10/45/0/45 8.6/44.9/0/46.5 125 0 73.4 0.578 538 10/45/0/45 8.6/44.9/0/46.5 125 0 73.4 0.453 641 10/45/0/45 8.6/44.9/0/46.5 125 0 73.4 0.331 409 10/45/0/45 8.6/44.9/0/46.5 125 0 73.4 0.225 381 10/45/0/45 8.6/44.9/0/46.5 125 0 148.3 0.981 1013 10/45/0/45 8.6/44.9/0/46.5 125 0 148.3 0.885 757 10/45/0/45 8.6/44.9/0/46.5 125 0 148.3 0.790 783 10/45/0/45 8.6/44.9/0/46.5 125 0 148.3 0.695 627 10/45/0/45 8.6/44.9/0/46.5 125 0 148.3 0.589 671 w 10/45/0/45 8.6/44.9/0/46.5 125 0 148.3 0.478 549 \0 .j::. 10/45/0/45 8.6/44.9/0/46.5 125 0 148.3 0.362 573 10/45/0/45 8.6/44.9/0/46.5 125 0 148.3 0.242 437 10/45/0/45 8.6/44.9/0/46.5 125 0 148.3 0.127 390 10/45/0/45 8.6/44.9/0/46.5 125 0 248.5 0.937 1014 10/45/0/45 8.6/44.9/0/46.5 125 0 248.5 0.851 989 10/45/0/45 8.6/44.9/0/46.5 125 0 248.5 0.762 802 10/45/0/45 8.6/44.9/0/46.5 125 0 248.5 0.657 921 10/45/0/45 8.6/44.9/0/46.5 125 0 248.5 0.546 677 10/45/0/45 8.6/44.9/0/46.5 125 0 248.5 0.424 811 10/45/0/45 8.6/44.9/0/46.5 125 0 248.5 0.290 603 10/45/0/45 8.6/44.9/0/46.5 125 0 248.5 0.157 533 10/45/0/45 8.6/44.9/0/46.5 125 0 397.1 0.936 1413 10/45/0/45 8.6/44.9/0/46.5 125 0 397.1 0.850 1212 10/45/0/45 8.6/44.9/0/46.5 125 0 397.1 0.761 1104 10/45/0/45 8.6/44.9/0/46.5 125 0 397.1 0.666 1041 10/45/0/45 8.6/44.9/0/46.5 125 0 397.1 0.561 1051 10/45/0/45 8.6/44.9/0/46.5 125 0 397.1 0.450 879 10/45/0/45 8.6/44.9/0/46.5 125 0 397.1 0.337 843 10/45/0/45 8.6/44.9/0/46.5 125 0 397.1 0.209 794 
Table A4.43 Heat transfer data for 10/45/0/45 condensing at 125 Of' with 1 % oil 
Condensing Oil Mass Flow Average Heat Transfer Refrigerant Composition Temperature Concentration Rate Quality Coefficient [Of] [%] [lblhr] [-] [Btu/ft2 hr oF] 
10/45/0/45 8.5/44.9/0/46.6 125 0.90 73.9 0.850 574 10/45/0/45 8.5/44.9/0/46.6 125 0.90 73.9 0.683 536 10/45/0/45 8.5/44.9/0/46.6 125 0.90 73.9 0.508 523 10/45/0/45 8.5/44.9/0/46.6 125 0.90 73.9 0.336 420 10/45/0/45 8.5/44.9/0/46.6 125 0.90 73.9 0.169 405 10/45/0/45 8.5/44.9/0/46.6 125 0.90 73.9 0.034 430 10/45/0/45 8.5/44.9/0/46.6 125 0.90 148.7 0.959 576 10/45/0/45 8.5/44.9/0/46.6 125 0.90 148.7 0.874 498 10/45/0/45 8.5/44.9/0/46.6 125 0.90 148.7 0.770 721 10/45/0/45 8.5/44.9/0/46.6 125 0.90 148.7 0.646 623 10/45/0/45 8.5/44.9/0/46.6 125 0.90 148.7 0.513 638 w 10/45/0/45 8.5/44.9/0/46.6 125 0.90 148.7 0.377 513 \0 Vl 10/45/0/45 8.5/44.9/0/46.6 125 0.90 148.7 0.255 377 10/45/0/45 8.5/44.9/0/46.6 125 0.90 148.7 0.117 478 10/45/0/45 8.5/44.9/0/46.6 125 0.90 247.9 0.945 972 10/45/0/45 8.5/44.9/0/46.6 125 0.90 247.9 0.849 805 10/45/0/45 8.5/44.9/0/46.6 125 0.90 247.9 0.742 873 10/45/0/45 8.5/44.9/0/46.6 125 0.90 247.9 0.619 817 10/45/0/45 8.5/44.9/0/46.6 125 0.90 247.9 0.481 801 10/45/0/45 8.5/44.9/0/46.6 125 0.90 247.9 0.338 637 10/45/0/45 8.5/44.9/0/46.6 125 0.90 247.9 0.199 558 10/45/0/45 8.5/44.9/0/46.6 125 0.90 247.9 0.055 506 10/45/0/45 8.5/44.9/0/46.6 125 0.90 397.3 0.949 1454 10/45/0/45 8.5/44.9/0/46.6 125 0.90 397.3 0.843 1130 10/45/0/45 8.5/44.9/0/46.6 125 0.90 397.3 0.729 1208 10/45/0/45 8.5/44.9/0/46.6 125 0.90 397.3 0.603 1076 10/45/0/45 8.5/44.9/0/46.6 125 0.90 397.3 0.467 1057 10/45/0/45 8.5/44.9/0/46.6 125 0.90 397.3 0.326 873 10/45/0/45 8.5/44.9/0/46.6 125 0.90 397.3 0.187 781 10/45/0/45 8.5/44.9/0/46.6 125 0.90 397.3 0.049 742 
Table A4.44 Heat transfer data for 20/40/40/0 condensing at 125 of with 0% oil 
Condensing Oil Mass Flow Average Heat Transfer Refrigerant Composition Temperature Concentration Rate Quality Coefficient [Of] [%] [lb/hr] [-] [Btu/ft2 hr oF] 
20/40/40/0 19.8/39.1/41.0/0 125 0 72.2 0.749 455 20/40/40/0 19.8/39.1/41.0/0 125 0 72.2 0.594 409 20/40/40/0 19.8/39.1/41.0/0 125 0 72.2 0.458 340 20/40/40/0 19.8/39.1/41.0/0 125 0 72.2 0.336 351 20/40/40/0 19.8/39.1/41.0/0 125 0 72.2 0.210 402 20/40/40/0 19.8/39.1/41.0/0 125 0 72.2 0.098 280 20/40/40/0 19.8/39.1/41.0/0 125 0 148.4 0.771 721 20/40/40/0 19.8/39.1/41.0/0 125 0 148.4 0.651 653 20/40/40/0 19.8/39.1/41.0/0 125 0 148.4 0.536 589 20/40/40/0 19.8/39.1/41.0/0 125 0 148.4 0.419 595 20/40/40/0 19.8/39.1/41.0/0 125 0 148.4 0.296 598 20/40/40/0 19.8/39.1/41.0/0 125 0 148.4 0.180 460 V.) 20/40/40/0 19.8/39.1/41.0/0 125 0 148.4 0.077 404 \0 0'\ 20/40/40/0 19.8/39.1/41.0/0 125 0 247.6 0.835 928 20/40/40/0 19.8/39.1/41.0/0 125 0 247.6 0.722 810 20/40/40/0 19.8/39.1/41.0/0 125 0 247.6 0.611 774 20/40/40/0 19.8/39.1/41.0/0 125 0 247.6 0.497 756 20/40/40/0 19.8/39.1/41.0/0 125 0 247.6 0.378 761 20/40/40/0 19.8/39.1/41.0/0 125 0 247.6 0.263 616 20/40/40/0 19.8/39.1/41.0/0 125 0 247.6 0.159 539 20/40/40/0 19.8/39.1/41.0/0 125 0 247.6 0.055 503 20/40/40/0 19.8/39.1/41.0/0 125 0 397.2 0.987 1140 20/40/40/0 19.8/39.1/41.0/0 125 0 397.2 0.879 1274 20/40/40/0 19.8/39.1/41.0/0 125 0 397.2 0.769 1107 20/40/40/0 19.8/39.1/41.0/0 125 0 397.2 0.659 1008 20/40/40/0 19.8/39.1/41.0/0 125 0 397.2 0.547 947 20/40/40/0 19.8/39.1/41.0/0 125 0 397.2 0.429 946 20/40/40/0 19.8/39.1/41.0/0 125 0 397.2 0.309 811 20/40/40/0 19.8/39.1/41.0/0 125 0 397.2 0.190 757 20/40/40/0 19.8/39.1/41.0/0 125 0 397.2 0.069 637 
Table A4.45 Heat transfer data for 20/40/40/0 condensing at 125 OF with 1 % oil 
Condensing Oil Mass Flow Average Heat Transfer Refrigerant Composition Temperature Concentration Rate Quality Coefficient [Of] [%] [lblhr] [-] [Btu/ft2 hr oF] 
20/40/40/0 20.9/41.6/37.5/0 125 1.15 74.1 0.738 542 20/40/40/0 20.9/41.6/37.5/0 125 1.15 74.1 0.560 380 20/40/40/0 20.9/41.6/37.5/0 125 1.15 74.1 0.411 400 20/40/40/0 20.9/41.6/37.5/0 125 1.15 74.1 0.273 359 20/40/40/0 20.9/41.6/37.5/0 125 1.15 74.1 0.144 388 20/40/40/0 20.9/41.6/37.5/0 125 1.15 74.1 0.038 458 20/40/40/0 20.9/41.6/37.5/0 125 1.15 147.9 0.971 643 20/40/40/0 20.9/41.6/37.5/0 125 1.15 147.9 0.827 826 20/40/40/0 20.9/41.6/37.5/0 125 1.15 147.9 0.687 620 20/40/40/0 20.9/41.6/37.5/0 125 1.15 147.9 0.551 681 20/40/40/0 20.9/41.6/37.5/0 125 1.15 147.9 0.410 605 VJ 20/40/40/0 20.9/41.6/37.5/0 125 1.15 147.9 0.271 591 \0 -J 20/40/40/0 20.9/41.6/37.5/0 125 1.15 147.9 0.142 462 20/40/40/0 20.9/41.6/37.5/0 125 1.15 248.2 0.974 871 20/40/40/0 20.9/41.6/37.5/0 125 1.15 248.2 0.840 1110 20/40/40/0 20.9/41.6/37.5/0 125 1.15 248.2 0.710 801 20/40/40/0 20.9/41.6/37.5/0 125 1.15 248.2 0.584 909 20/40/40/0 20.9/41.6/37.5/0 125 1.15 248.2 0.453 797 20/40/40/0 20.9/41.6/37.5/0 125 1.15 248.2 0.322 786 20/40/40/0 20.9/41.6/37.5/0 125 1.15 248.2 0.197 634 20/40/40/0 20.9/41.6/37.5/0 125 1.15 248.2 0.086 539 20/40/40/0 20.9/41.6/37.5/0 125 1.15 397.1 0.980 1158 20/40/40/0 20.9/41.6/37.5/0 125 1.15 397.1 0.865 1395 20/40/40/0 20.9/41.6/37.5/0 125 1.15 397.1 0.749 1125 20/40/40/0 20.9/41.6/37.5/0 125 1.15 397.1 0.630 1144 20/40/40/0 20.9/41.6/37.5/0 125 1.15 397.1 0.506 1007 20/40/40/0 20.9/41.6/37.5/0 125 1.15 397.1 0.379 977 20/40/40/0 20.9/41.6/37.5/0 125 1.15 397.1 0.251 831 20/40/40/0 20.9/41.6/37.5/0 125 1.15 397.1 0.128 743 
Table A5.1 Mass flow rate data for R22 in the 0.039-in. capillary tube. 
Mdot Tsat Tsub Moot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub 50.62 130.27 1.37 26.14 110.49 0.19 45.80 110.18 26.58 21.77 89.96 0.66 38.74 130.02 2.32 26.98 110.43 0.23 45.68 110.21 26.41 22.30 89.96 0.86 42.67 129.84 2.64 29.01 110.37 0.37 45.58 110.12 26.12 25.15 89.96 1.26 43.30 129.50 2.80 28.70 110.31 0.51 45.38 110.15 25.85 27.56 89.96 1.56 44.74 129.47 3.17 30.09 110.21 0.61 45.31 110.15 25.55 27.86 89.96 1.86 42.75 129.55 3.55 30.44 110.15 0.85 45.14 110.12 25.22 28.76 89.96 2.16 42.23 129.71 4.01 32.67 110.09 1.09 45.01 110.15 25.05 30.61 89.96 2.46 41.97 129.76 4.46 34.26 109.93 1.53 44.90 110.09 24.69 30.85 89.96 2.66 42.01 129.86 4.76 37.04 109.78 1.98 44.77 110.09 24.39 29.57 89.96 2.96 42.09 129.91 5.11 38.50 109.62 2.32 44.58 110.09 24.09 27.74 89.96 3.36 42.27 129.91 5.41 37.05 109.81 3.01 44.39 110.09 23.79 27.75 89.96 3.66 42.54 129.99 5.79 35.11 109.87 3.47 44.35 110.09 23.49 28.01 89.96 3.96 42.70 130.07 6.17 34.82 110.12 4.22 44.16 110.06 23.16 28.23 89.96 4.26 42.92 130.07 6.47 34.55 110.06 4.56 44.07 110.03 22.83 28.40 89.96 4.56 V.l 42.99 130.07 6.77 34.82 110.25 5.15 43.97 110.09 22.59 28.52 89.96 4.86 \0 00 43.13 130.09 6.99 34.99 110.15 5.35 43.84 110.00 22.30 28.68 89.96 5.16 43.25 130.07 7.27 35.18 110.25 5.75 43.78 110.06 22.06 28.90 89.96 5.46 43.44 130.02 7.52 35.46 110.21 6.11 43.63 110.06 21.76 28.99 89.96 5.66 43.55 130.02 7.82 35.57 110.25 6.45 43.53 110.00 21.50 29.26 89.96 5.96 43.69 129.99 7.99 35.78 110.28 6.68 43.38 110.00 21.20 29.36 89.96 6.16 43.85 129.99 8.29 35.87 110.28 6.98 43.28 110.03 20.93 29.43 89.96 6.36 44.04 129.99 8.59 36.17 110.31 7.31 43.26 110.03 20.73 29.50 89.96 6.56 44.00 129.99 8.89 36.36 110.28 7.58 43.09 110.03 20.43 29.79 89.96 6.86 44.16 129.96 9.06 36.45 110.37 7.97 43.01 110.03 20.23 29.98 89.96 7.16 44.33 129.99 9.39 36.64 110.25 8.05 42.88 110.00 19.90 30.11 89.96 7.46 44.48 129.96 9.56 36.79 110.40 8.50 42.87 110.03 19.73 30.14 89.96 7.66 44.54 129.96 9.86 36.91 110.31 8.61 42.74 110.00 19.40 30.31 89.96 7.86 44.68 129.94 10.14 37.03 110.43 9.03 42.71 110.03 19.23 30.42 89.96 8.16 44.80 129.94 10.34 37.14 110.28 9.08 42.52 110.00 19.00 30.56 89.96 8.36 44.89 129.91 10.61 37.34 110.43 9.53 42.50 110.00 18.70 30.66 89.96 8.56 45.06 129.91 10.91 37.50 110.28 9.58 42.36 110.00 18 .. 50 30.82 89.96 8.76 45.21 129.89 11.09 37.49 110.40 9.90 42.26 110.03 18.23 31.03 89.96 8.96 45.27 129.91 11.41 37.71 110.28 10.08 42.26 110.00 18.00 31.18 89.96 9.16 45.47 129.89 11.69 37.83 110.40 10.40 42.13 110.00 17.80 31.29 89.96 9.36 45.63 129.89 11.89 37.99 110.31 10.61 41.98 110.03 17.53 31.44 89.96 9.66 
Table A5.1 (cont.) Mass flow rate data for R22 in the 0.039-in. capillary tube. 
Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub 45.69 129.86 12.16 38.14 110.31 10.81 41.95 110.00 17.30 31.49 89.96 9.96 45.82 129.86 12.46 38.23 110.37 11.07 41.84 110.03 17.03 31.77 89.96 10.26 46.05 129.84 12.74 38.30 110.28 11.28 41.81 110.03 16.83 31.86 89.96 10.46 46.05 129.81 12.91 38.54 110.31 11.51 41.67 110.00 16.60 31.99 89.96 10.76 46.22 129.84 13.24 38.66 110.31 11.71 41.70 110.03 16.43 32.08 89.96 10.96 46.29 129.78 13.48 38.70 110.34 12.04 41.59 110.03 16.13 32.21 89.96 11.16 46.38 129.81 13.71 38.88 110.28 12.18 41.50 110.06 15.96 32.25 89.96 11.56 46.61 129.76 13.96 38.97 110.21 12.41 41.43 110.03 15.73 32.29 89.96 11.86 46.63 129.76 14.26 39.13 110.31 12.71 41.27 110.03 15.43 32.42 89.96 12.06 46.80 129.73 14.43 39.31 110.25 12.85 41.17 110.00 15.20 32.45 89.96 12.26 46.95 129.73 14.73 39.39 110.15 13.05 41.10 110.03 15.03 32.58 89.96 12.46 47.07 129.71 14.91 39.39 110.18 13.28 40.98 110.03 14.83 32.66 89.96 12.76 47.22 129.73 15.23 39.58 110.25 13.55 41.00 110.06 14.56 32.72 89.96 12.86 47.25 129.73 15.53 39.77 110.15 13.75 40.87 110.03 14.33 32.83 89.96 13.06 w 47.60 129.78 15.78 39.86 110.21 14.01 40.18 110.06 14.16 32.92 89.96 13.26 \0 \0 47.69 129.81 16.11 40.02 110.21 14.21 39.93 110.03 13.93 33.02 89.96 13.46 47.82 129.89 16.39 39.99 110.18 14.38 39.78 110.06 13.66 33.08 89.96 13.76 48.05 129.94 16.74 40.12 110.12 14.52 39.76 110.06 13.46 33.24 89.96 13.96 48.14 129.94 16.94 40.26 110.12 14.72 39.79 110.12 13.32 33.42 89.96 14.26 48.26 129.99 17.29 40.28 110.18 14.98 39.54 110.09 13.09 33.49 89.96 14.46 48.47 130.07 17.57 40.40 110.09 15.09 39.43 110.15 12.85 33.57 89.96 14.66 48.66 130.12 17.82 40.55 110.09 15.29 39.39 110.12 12.62 33.72 89.96 14.96 48.79 130.09 18.09 40.63 110.15 15.55 39.29 110.12 12.42 33.82 89.96 15.26 48.93 130.12 18.42 40.80 110.06 15.66 39.29 110.12 12.22 33.96 89.96 15.56 49.00 130.12 18.62 40.79 110.03 15.93 39.10 110.09 11.89 34.13 89.96 15.86 49.10 130.04 18.74 40.84 110.06 16.16 39.08 110.12 11.82 34.23 89.96 16.26 49.15 130.04 18.94 40.96 110.03 16.33 39.02 110.18 11.58 34.37 89.96 16.46 49.36 130.09 19.29 41.02 109.96 16.46 38.95 110.21 11.41 34.52 89.96 16.76 49.47 130.04 19.44 41.22 110.03 16.73 38.85 110.18 11.18 34.73 89.96 17.06 49.63 130.07 19.67 41.25 110.06 16.96 38.80 110.18 10.98 34.84 89.96 17.36 49.59 130.04 19.84 41.37 109.96 17.16 38.67 110.18 10.78 34.98 89.96 17.66 49.85 130.04 20.14 41.40 109.93 17.33 38.64 110.18 10.58 35.01 89.96 17.86 49.91 129.99 20.29 41.54 110.00 17.50 38.57 110.21 10.41 35.18 89.96 18.16 49.94 129.99 20.59 41.67 110.00 17.70 38.46 110.21 10.21 35.33 89.96 18.36 50.04 129.96 20.76 41.88 110.00 17.90 38.33 110.25 10.05 35.43 89.96 18.56 
Table A5.1 (cont.) Mass flow rate data for R22 in the 0.039-in. capillary tube. 
Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub 50.15 129.99 20.99 42.00 110.03 18.13 38.38 110.25 9.75 35.48 89.96 18.76 50.26 129.94 21.24 42.03 110.00 18.30 38.37 110.25 9.55 35.64 89.96 18.96 50.40 129.94 21.44 42.02 110.06 18.56 38.16 110.25 9.35 35.80 89.96 19.16 50.52 129.91 21.71 42.18 110.00 18.70 38.08 110.21 9.21 35.98 89.96 19.36 50.66 129.94 21.94 42.32 110.06 18.96 38.00 110.21 8.91 36.05 89.96 19.46 50.69 129.84 22.04 42.42 110.12 19.22 37.96 110.25 8.75 36.02 89.96 19.76 50.93 129.94 22.44 42.53 110.09 19.39 37.88 110.31 8.61 36.13 89.96 19.97 51.04 129.86 22.56 42.57 110.03 19.53 37.79 110.25 8.35 36.20 89.96 20.22 51.21 129.89 22.89 42.71 110.06 19.76 37.78 110.21 8.11 36.25 89.96 20.43 51.23 129.86 23.06 42.81 110.06 19.96 37.64 110.25 7.95 36.46 89.96 20.68 51.24 129.78 23.18 42.86 110.06 20.16 37.52 110.21 7.71 36.43 89.96 20.87 51.29 129.84 23.54 42.97 110.12 20.42 37.50 110.28 7.58 36.56 89.96 21.07 51.49 129.76 23.66 43.10 110.06 20.56 37.37 110.25 7.25 36.76 89.96 21.29 51.69 129.81 23.91 43.18 110.03 20.73 37.30 110.18 6.98 36.83 89.96 21.46 +:-. 51.73 129.76 24.16 43.30 110.09 21.09 37.36 110.25 6.85 36.92 89.96 21.67 0 0 51.77 129.73 24.33 43.47 110.12 21.32 37.22 110.25 6.65 37.01 89.96 21.90 52.02 129.78 24.58 43.58 110.12 21.62 36.61 110.18 6.38 37.14 89.96 22.14 52.10 129.78 24.78 43.74 110.12 21.92 36.29 110.21 6.21 37.23 89.96 22.38 52.21 129.81 25.11 43.85 110.12 22.12 36.34 110.25 6.05 37.33 89.96 22.60 52.34 129.84 25.44 43.96 110.15 22.45 36.08 110.15 5.75 37.45 89.96 22.84 52.52 129.84 25.64 44.02 110.15 22.65 36.10 110.25 5.65 37.59 89.96 23.07 44.10 110.12 22.82 36.04 110.25 5.35 37.84 89.96 23.29 44.23 110.15 23.05 36.01 110.21 5.11 37.82 89.96 23.48 44.34 110.15 23.35 35.81 110.21 4.91 37.94 89.96 23.70 44.46 110.18 23.58 35.75 110.21 4.71 38.02 89.96 23.90 44.52 110.21 23.81 35.65 110.21 4.51 38.02 89.96 24.08 44.61 110.21 24.01 35.45 110.21 4.31 38.17 89.96 24.26 44.71 110.18 24.18 35.56 110.21 4.11 38.23 89.96 24.43 44.88 110.18 24.28 35.55 110.31 3.91 38.26 89.96 24.61 44.94 110.18 24.48 35.49 110.21 3.61 38.33 89.96 24.82 45.04 110.25 24.85 35.29 110.25 3.45 38.45 89.96 25.02 45.14 110.28 25.08 35:19 110.18 3.18 38.54 89.96 25.31 45.32 110.34 25.34 35.18 110.28 3.08 38.52 89.96 25.48 45.37 110.21 25.41 35.06 110.21 2.71 38.65 89.96 25.69 45.43 110.21 25.61 34.85 110.28 2.58 38.75 89.96 25.99 
Table A5.1 (cont.) Mass flow rate data for R22 in the 0.039-in. capillary tube. 
Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub 
45.61 110.25 25.95 34.66 110.25 2.35 
45.67 110.21 26.11 34.56 110.25 2.15 
45.86 110.28 26.38 34.54 110.25 1.95 
45.93 110.21 26.61 34.40 110.21 1.61 
45.86 110.21 26.71 34.31 110.21 1.41 
32.06 110.37 1.37 
~ 
..... 
Table A5.2 Mass flow rate data for R22 in the 0.042-in. capillary tube. 
Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub 48.93 130.87 0.57 41.75 110.09 0.09 54.13 110.05 25.65 33.77 89.78 0.48 49.11 130.70 1.10 46.82 109.99 0.49 54.17 110.09 25.59 35.95 89.74 0.74 49.62 130.26 1.26 48.62 109.99 1.09 54.03 110.05 25.25 36.92 89.78 0.98 50.10 129.85 1.35 46.16 110.05 1.55 53.91 110.09 25.09 36.49 89.89 1.29 49.79 129.56 1.46 43.49 110.12 2.02 53.84 110.05 24.75 36.64 90.01 1.71 53.59 129.38 1.78 42.99 110.12 2.42 53.40 110.09 24.49 35.86 90.08 2.08 53.27 129.35 2.25 42.99 110.09 2.69 53.34 110.15 24.35 35.66 90.20 2.40 52.12 129.51 2.71 43.03 110.09 2.99 53.23 110.05 23.95 35.05 90.20 2.70 51.17 129.64 3.24 43.11 110.05 3.35 53.17 110.09 23.69 35.07 90.23 2.93 51.05 129.74 3.74 43.10 109.99 3.49 53.15 110.15 23.45 35.30 90.20 3.10 51.17 129.77 4.07 43.29 109.99 3.79 52.98 110.09 23.09 35.45 90.20 3.40 51.41 129.82 4.42 43.38 109.99 4.09 53.23 110.18 22.88 35.49 90.16 3.56 51.75 129.87 4.87 43.58 109.99 4.29 53.02 110.05 22.55 35.63 90.16 3.76 51.83 129.85 5.15 43.60 110.02 4.52 53.02 110.09 22.29 35.68 90.16 3.96 ~ 51.94 129.82 5.42 43.73 110.02 4.82 52.81 110.12 22.02 35.73 90.16 4.16 0 N 52.10 129.82 5.72 43.74 110.02 5.02 52.93 110.15 21.75 35.86 90.12 4.32 52.12 129.74 5.94 43.75 109.99 5.29 52.77 110.12 21.42 36.02 90.08 4.48 52.07 129.64 6.14 43.83 110.02 5.52 52.66 110.12 21.12 36.21 90.08 4.78 52.39 129.67 6.47 44.15 110.02 5.82 52.66 110.18 20.88 36.32 90.04 4.94 52.60 129.56 6.66 44.23 110.02 6.22 52.52 110.09 20.49 36.43 90.04 5.14 52.51 129.59 6.99 44.39 110.02 6.52 52.39 110.09 20.19 36.62 90.04 5.44 52.77 129.59 7.29 44.39 109.99 6.79 52.34 110.15 19.95 36.82 90.08 5.78 52.94 129.59 7.59 44.58 110.09 7.19 ·51.44 110.15 19.65 37.08 90.12 6.02 53.16 129.59 7.79 44.59 110.09 7.49 52.21 110.15 19.35 37.38 90.12 6.32 53.14 129.56 7.96 44.77 110.15 7.85 52.16 110.21 19.11 37.75 90.12 6.62 53.39 129.64 8.34 44.98 110.18 8.18 52.03 110.18 18.78 38.15 90.16 6.96 53.52 129.69 8.59 45.04 110.18 8.48 51.80 110.15 18.45 38.56 90.16 7.16 53.53 129.67 8.77 45.21 110.21 8.81 51.80 110.15 18.15 38.98 90.08 7.38 54.32 129.69 9.09 45.30 110.21 9.11 51.84 110.21 17.91 38.96 90.16 7.66 54.86 129.69 9.29 45.39 110.21 9.41 51.69 110.21 17.61 39.21 90.12 7.82 54.95 129.74 9.54 45.57 110.24 9.84 51.63 110.21 17.31 39.34 90.12 8.02 54.90 129.72 9.82 45.62 110.21 10.11 51.51 110.24 17.04 39.56 90.12 8.22 54.95 129.72 10.02 45.87 110.24 10.44 51.29 110.18 16.68 39.69 90.08 8.38 55.25 129.74 10.24 45.92 110.24 10.74 51.32 110.24 16.34 39.84 90.08 8.58 55.29 129.72 10.42 46.18 110.24 11.14 51.20 110.21 16.11 40.13 90.08 8.88 
Table A5.2 (cont.) Mass flow rate data for R22 in the 0.042-in. capillary tube. 
Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub 55.50 129.77 10.77 46.27 110.27 11.57 51.13 110.27 15.87 40.61 90.04 9.04 55.53 129.77 10.97 46.46 110.27 11.97 51.02 110.21 15.41 40.23 90.08 9.38 55.57 129.79 11.19 46.54 110.21 12.21 50.96 110.27 15.17 40.31 90.04 9.64 55.77 129.74 11.34 46.64 110.21 12.61 50.74 110.27 14.87 40.46 90.01 9.91 55.92 129.79 11.59 46.73 110.21 13.01 50.67 110.21 14.51 40.80 89.97 10.07 55.94 129.79 11.79 46.97 110.21 13.31 50.64 110.24 14.24 41.03 90.01 10.31 55.98 129.74 12.04 47.05 110.18 13.58 50.62 110.34 14.04 41.18 89.93 10.43 56.28 129.77 12.27 47.11 110.18 13.88 50.40 110.24 13.64 41.31 89.97 10.77 56.24 129.77 12.47 47.18 110.15 14.15 50.22 110.21 13.31 41.35 89.93 10.93 56.39 129.77 12.67 47.42 110.12 14.42 50.28 110.24 12.94 41.55 90.01 11.21 56.42 129.72 12.82 47.50 110.15 14.65 50.17 110.21 12.61 41.73 90.01 11.41 57.88 129.69 12.99 47.56 110.18 14.98 49.92 110.18 12.28 41.83 90.01 11.61 58.08 129.64 13.14 47.77 110.15 15.25 49.68 110.21 12.01 41.98 90.01 11.81 58.19 129.67 13.37 47.85 110.15 15.55 49.61 110.18 11.68 41.92 90.01 12.01 
.j;::.. 58.17 129.64 13.54 48.07 110.15 15.85 49.59 110.18 11.38 42.10 90.04 12.24 0 w 58.41 129.64 13.74 48.22 110.15 16.25 49.73 110.21 11.11 42.16 90.01 12.41 58.33 129.59 13.89 48.33 110.12 16.52 49.34 110.15 10.65 42.28 90.04 12.64 58.49 129.59 14.09 48.56 110.15 16.85 49.15 110.21 10.41 42.40 90.04 12.84 58.57 129.59 14.29 48.61 110.12 17.12 47.33 110.15 10.05 42.46 90.04 13.04 58.62 129.56 14.46 48.73 110.09 17.29 45.87 110.21 9.81 42.52 90.04 13.14 58.64 129.51 14.71 48.97 110.12 17.62 45.81 110.15 9.45 42.71 90.04 13.34 58.76 129.48 14.88 49.12 110.12 17.92 45.68 110.18 9.08 42.77 90.01 13.51 59.11 129.48 15.08 49.22 110.05 18.05 45.50 110.18 8.78 43.04 90.08 13.88 59.47 129.46 15.26 49.47 110.09 18.39 45.43 110.09 8.39 43.13 90.08 14.08 59.42 129.46 15.46 49.56 110.05 18.55 45.27 110.15 8.05 43.31 90.08 14.28 59.44 129.48 15.68 49.70 110.05 18.75 45.13 110.09 7.69 43.48 90.08 14.48 59.55 129.51 15.91 49.82 110.05 19.05 45.03 110.12 7.32 43.43 90.04 14.74 59.66 129.51 16.11 49.91 110.09 19.39 44.88 110.09 6.99 43.62 90.08 14.98 59.64 129.56 16.36 50.04 110.09 19.69 44.71 110.05 6.55 43.78 90.08 15.18 59.94 129.54 16.54 50.23 110.09 19.99 44.51 110.09 6.29 43.83 90.04 15.34 60.13 129.56 16.76 50.40 110.05 20.15 44.20 110.09 5.89 43.98 90.04 15.44 59.97 129.54 16.94 50.53 110.09 20.59 44.11 110.09 5.59 44.13 90.08 15.68 60.12 129.56 17.16 50.66 110.09 20.89 43.89 110.05 5.15 44.20 90.08 15.88 60.19 129.51 17.31 50.88 110.05 21.25 43.94 110.12 4.82 44.25 90.04 15.94 60.29 129.61 17.51 51.06 110.12 21.62 43.82 110.12 4.52 44.41 90.08 16.18 
Table A5.2 (cont.) Mass flow rate data for R22 in the O.042-in. capillary tube. 
Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub 59.94 129.67 17.87 51.20 110.09 21.89 43.73 110.18 4.28 44.47 90.08 16.28 59.78 129.67 18.07 51.48 110.12 22.22 43.66 110.12 3.92 44.61 90.12 16.42 60.04 129.64 18.24 51.57 110.09 22.59 43.47 110.18 3.58 45.19 90.04 16.54 60.16 129.61 18.41 51.76 110.05 22.85 43.26 110.18 3.28 44.81 90.12 16.82 60.33 129.67 18.67 53.05 110.09 23.29 43.34 110.24 3.04 44.93 90.08 16.98 60.37 129.64 18.84 53.62 110.09 23.59 43.18 110.27 2.77 45.09 90.08 17.18 60.43 129.67 19.07 53.66 109.99 23.89 42.90 110.21 2.41 45.11 90.04 17.34 60.67 129.67 19.27 53.81 110.05 24.25 43.01 110.30 2.20 45.22 90.08 17.58 60.65 129.64 19.44 53.87 110.05 24.65 42.71 110.24 1.84 45.32 90.04 17.84 60.71 129.61 19.61 54.04 110.02 25.02 42.52 110.24 1.54 45.50 90.08 18.08 60.81 129.67 19.87 54.16 110.09 25.39 42.32 110.21 1.21 45.63 90.04 18.24 60.95 129.59 19.99 54.24 110.05 25.65 40.88 110.30 1.00 45.72 90.04 18.54 61.04 129.61 20.21 35.64 110.55 0.95 45.85 90.04 18.74 61.23 129.56 20.36 34.77 110.65 0.85 45.90 90.01 18.91 .j::... 61.28 129.56 20.66 32.89 110.43 0.13 46.06 90.08 19.28 0 .j::... 61.28 129.54 20.84 46.15 90.01 19.41 61.35 129.51 21.01 46.43 90.01 19.71 61.38 129.46 21.26 46.49 90.01 19.91 61.53 129.46 21.46 46.73 90.01 20.20 61.65 129.46 21.76 46.89 90.01 20.45 62.12 129.43 21.93 47.14 89.97 20.68 62.01 129.43 22.23 47.36 89.97 20.93 62.22 129.46 22.46 47.49 89.97 21.17 62.36 129.41 22.71 47.68 89.97 21.41 62.38 129.41 23.01 47.88 90.01 21.69 62.51 129.41 23.21 48.08 89.93 21.82 62.59 129.41 23.51 48.22 89.97 22.09 62.72 129.43 23.83 48.29 89.97 22.32 62.80 129.41 24.01 48.51 89.93 22.49 62.98 129.41 24.31 48.67 89.97 22.77 63.07 129.43 24.53 48.82 89.89 22.90 63.12 129.46 24.76 48.94 89.97 23.21 63.25 129.43 25.03 49.06 89.89 23.34 63.31 129.46 25.36 49.23 89.97 23.62 63.61 129.48 25.58 49.40 89.89 23.74 
Table A5.2 (cont.) Mass flow rate data for R22 in the 0.D42-in. capillary tube. 
Moot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub 63.60 129.43 25.73 49.47 89.97 24.02 63.81 129.51 26.11 49.69 89.89 24.13 
49.78 89.93 24.36 
49.86 89.93 24.54 
50.00 89.93 24.71 
50.61 89.89 24.85 
52.97 89.97 25.15 
52.81 89.93 25.36 
52.78 89.97 25.61 
52.82 89.89 25.72 
52.87 89.89 25.94 
53.00 89.93 26.25 
53.19 89.97 26.61 
~ I 53.34 89.89 26.87 
0 
VI 
Table A5.3 Mass flow rate data for R22 in the 0.049-in. capillary tube. 
Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub 75.56 129.63 0.33 97.09 129.55 25.55 64.35 109.60 0.40 85.88 109.73 25.83 76.25 129.71 0.51 96.69 129.55 25.25 67.83 109.54 0.84 85.69 109.76 25.66 77.04 129.78 0.98 96.50 129.53 24.93 67.58 109.66 1.46 85.59 109.76 25.46 79.10 129.78 1.48 96.20 129.50 24.60 64.95 109.98 2.38 85.39 109.76 25.16 78.12 129.91 1.91 95.81 129.47 24.27 64.84 110.10 3.00 85.10 109.76 24.96 76.84 130.02 2.42 95.61 129.50 24.00 65.02 110.07 3.47 85.00 109.79 24.69 76.94 130.04 2.74 95.32 129.47 23.67 65.31 109.91 3.81 84.70 109.82 24.42 77.14 130.07 3.17 95.02 129.45 23.35 65.61 109.85 4.25 84.41 109.76 24.16 77.43 130.02 3.42 94.73 129.50 23.00 66.12 109.91 4.71 84.31 109.82 23.92 77.63 129.99 3.69 94.53 129.50 22.70 66.65 109.94 5.14 84.11 109.82 23.62 77.73 129.91 3.91 94.33 129.53 22.43 67.11 109.98 5.68 83.82 109.85 23.45 78.12 129.91 4.21 94.04 129.55 22.15 67.67 110.01 6.11 83.72 109.88 23.18 78.32 129.86 4.46 93.84 129.55 21.85 68.31 110.04 6.54 83.43 109.85 22.95 78.51 129.78 4.68 93.65 129.60 21.60 68.63 110.07 6.87 83.43 109.91 22.71 ~ 78.71 129.78 4.98 93.45 129.60 21.30 69.01 110.07 7.27 83.23 109.91 22.51 0 0\ 79.00 129.73 5.23 93.25 129.60 21.00 69.47 110.13 7.73 83.03 109.91 22.21 79.30 129.73 5.53 93.15 129.63 20.73 69.96 110.10 8.00 82.93 109.94 22.04 79.49 129.71 5.81 92.96 129.68 20.48 70.55 110.13 8.43 82.74 109.98 21.78 79.89 129.73 6.03 92.76 129.68 20.28 70.85 110.16 8.76 82.54 109.98 21.58 80.18 129.78 6.38 92.56 129.73 20.03 71.14 110.16 9.16 82.44 110.04 21.34 80.28 129.73 6.63 92.47 129.76 19.86 71.44 110.13 9.43 82.34 110.04 21.14 80.48 129.73 6.83 92.37 129.81 19.61 71.73 110.13 9.83 82.05 110.04 20.94 80.77 129.71 7.11 92.17 129.81 19.41 72.22 110.16 10.16 81.95 110.04 20.64 81.07 129.68 7.38 92.07 129.84 19.24 73.11 110.16 10.46 81.75 109.94 20.34 81.36 129.71 7.61 91.88 129.89 18.99 73.60 110.16 10.76 81.75 110.10 20.30 81.66 129.73 7.93 91.68 129.91 18.81 73.79 110.16 11.16 81.46 110.07 20.07 81.85 129.68 8.18 91.58 129.91 18.51 73.99 110.16 11.46 81.36 110.07 19.87 82.15 129.71 8.41 91.48 129.99 18.39 74.29 110.16 11.76 81.07 110.01 19.51 82.34 129.68 8.68 91.29 129.99 18.19 74.48 110.13 12.03 81.07 109.98 19.28 82.64 129.71 8.91 91.29 130.02 18.02 74.68 110.16 12.36 80.87 110.01 19.11 82.93 129.73 9.23 90.99 130.02 17.72 74.88 110.13 12.63 80.77 109.98 18.88 83.13 129.71 9.51 90.80 130.02 17.52 75.17 110.13 12.93 80.58 109.94 18.64 83.33 129.71 9.81 90.80 130.02 17.32 75.27 110.13 13.23 80.38 109.98 18.38 83.62 129.73 10.03 90.50 129.99 16.99 75.47 110.10 13.50 80.08 109.91 18.11 83.82 129.71 10.31 90.40 129.99 16.79 75.56 110.01 13.61 79.89 109.91 17.91 
Table A5.3 (cont.) Mass flow rate data for R22 in the 0.049-in. capillary tube. 
Moot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub 84.11 129.68 10.48 90.30 129.96 16.56 75.76 110.01 13.91 79.79 109.91 17.61 84.21 129.68 10.78 90.11 129.91 16.31 75.96 109.94 14.14 79.59 109.91 17.41 84.70 129.73 11.03 89.91 129.89 16.09 76.06 109.88 14.38 79.40 109.85 17.05 84.80 129.73 11.33 89.81 129.89 15.89 76.25 109.88 14.58 79.30 109.88 16.88 85.10 129.73 11.53 89.52 129.84 15.64 76.35 109.85 14.85 78.91 109.88 16.58 85.19 129.73 11.83 89.42 129.81 15.41 76.94 109.88 15.18 78.81 109.88 16.18 85.49 129.71 12.01 89.22 129.81 15.21 77.23 109.82 15.42 78.61 109.88 15.88 85.78 129.76 12.36 89.03 129.78 14.98 77.43 109.82 15.62 77.92 109.85 15.55 85.88 129.71 12.51 88.93 129.76 14.76 77.63 109.85 15.95 77.14 109.91 15.21 86.18 129.73 12.83 88.73 129.73 14.43 77.82 109.82 16.22 76.84 109.98 14.88 86.37 129.71 13.01 88.54 129.71 14.21 78.02 109.85 16.55 76.84 109.94 14.54 86.67 129.73 13.33 88.34 129.71 14.01 78.22 109.82 16.72 76.74 109.91 14.11 86.87 129.71 13.51 88.24 129.71 13.81 78.51 109.85 17.05 76.64 109.94 13.74 87.06 129.71 13.81 88.04 129.71 13.61 78.81 109.85 17.25 76.45 109.98 13.38 ~ 87.26 129.73 14.03 87.85 129.71 13.31 78.91 109.85 17.55 76.25 109.94 12.94 0 
.-...l 87.45 129.71 14.21 87.75 129.68 13.08 79.20 109.88 17.78 76.06 109.94 12.54 87.65 129.68 14.48 87.55 129.68 12.88 79.49 109.88 18.08 75.86 109.94 12.24 87.95 129.71 14.71 87.36 129.68 12.68 79.69 109.88 18.28 75.66 109.98 11.88 88.14 129.73 15.03 86.77 129.68 12.48 79.99 109.94 18.64 75.37 109.98 11.48 88.24 129.71 15.21 85.78 129.71 12.21 80.18 109.94 18.84 75.27 109.98 11.18 88.54 129.73 15.43 85.59 129.68 11.98 80.48 109.94 19.14 75.07 110.01 10.81 88.73 129.71 15.71 85.39 129.68 11.78 80.87 109.94 19.54 74.88 110.04 10.54 88.83 129.65 15.85 85.29 129.73 11.63 81.17 109.98 19.88 74.78 110.07 10.27 89.13 129.68 16.08 85.29 129.76 11.46 81.56 109.98 20.28 74.48 110.04 9.94 89.32 129.68 16.28 85.10 129.78 11.28 81.95 110.01 20.61 74.29 110.04 9.64 89.42 129.65 16.55 85.00 129.84 11.14 82.34 109.98 20.98 73.30 110.10 9.30 89.71 129.71 16.81 85.00 129.89 10.89 82.64 110.01 21.31 72.03 110.13 9.03 89.81 129.65 16.95 84.80 129.91 10.71 82.74 109.98 21.58 71.83 110.13 8.73 90.11 129.68 17.18 84.70 129.94 10.54 83.03 109.94 21.84 71.63 110.16 8.36 90.30 129.71 17.51 84.51 129.96 10.36 83.23 109.94 22.14 71.24 110.13 8.03 90.50 129.71 17.71 84.51 130.02 10.22 83.33 109.91 22.41 71.14 110.13 7.73 90.80 129.76 17.96 84.31 130.07 9.97 83.52 109.88 22.68 70.95 110.16 7.46 90.99 129.76 18.16 84.31 130.09 9.79 83.62 109.85 22.85 70.75 110.20 7.20 91.09 129.76 18.36 84.11 130.09 9.59 83.82 109.82 23.12 70.65 110.20 6.90 91.48 129.78 18.68 84.02 130.07 9.27 84.02 109.85 23.45 70.45 110.23 6.63 
Table A5.3 (cont.) Mass flow rate data for R22 in the 0.049-in. capillary tube. 
Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub 91.58 129.81 18.91 83.82 130.12 9.12 84.11 109.79 23.59 70.16 110.20 6.30 91.78 129.78 19.08 83.72 130.12 8.92 84.41 109.82 23.92 70.06 110.26 6.06 91.98 129.81 19.31 83.52 130.09 8.69 84.51 109.79 24.19 69.77 110.23 5.63 92.17 129.81 19.51 83.43 130.07 8.47 84.80 109.79 24.39 69.37 110.26 5.36 92.47 129.78 19.68 83.13 130.07 8.17 85.00 109.79 24.69 69.10 110.26 5.06 92.47 129.81 20.01 82.74 130.02 7.92 85.19 109.76 24.86 68.81 110.26 4.76 92.76 129.78 20.18 82.34 129.99 7.69 85.39 109.79 25.09 68.63 110.26 4.46 92.96 129.81 20.41 82.05 130.02 7.52 85.59 109.76 25.36 68.62 110.29 4.09 93.15 129.81 20.61 81.85 129.99 7.19 85.69 109.73 25.53 68.21 110.23 3.73 93.35 129.81 20.81 81.75 129.99 6.99 85.78 109.73 25.73 68.02 110.29 3.49 93.55 129.81 21.01 81.46 129.91 6.71 85.88 109.69 25.89 67.43 110.23 3.13 93.65 129.73 21.23 81.36 129.91 6.51 85.98 109.76 25.96 67.01 110.23 2.83 93.84 129.81 21.51 81.07 129.89 6.29 66.89 110.23 2.53 94.04 129.78 21.68 80.87 129.86 6.06 66.74 110.20 2.20 ~ 94.24 129.78 21.88 80.58 129.86 5.76 66.46 110.16 1.86 0 00 94.43 129.78 22.18 80.38 129.86 5.56 66.62 110.20 1.50 94.63 129.78 22.38 80.18 129.86 5.36 66.15 110.16 1.26 94.82 129.78 22.58 79.89 129.81 5.01 66.08 110.16 0.96 95.02 129.76 22.76 79.79 129.86 4.86 65.63 110.20 0.70 95.22 129.78 23.08 79.40 129.81 4.51 62.24 110.35 0.55 95.41 129.76 23.26 79.30 129.84 4.34 56.65 110.63 0.63 95.51 129.73 23.53 78.12 129.84 4.14 56.24 110.41 0.41 95.71 129.73 23.73 77.92 129.84 3.84 
95.91 129.73 23.93 77.63 129.81 3.61 
96.00 129.71 24.21 77.53 129.84 3.34 
96.20 129.68 24.38 77.43 129.89 3.19 
96.40 129.71 24.61 77.23 129.89 2.99 
96.50 129.65 24.75 77.04 129.91 2.71 
96.79 129.68 24.98 76.84 129.89 2.49 
96.89 129.63 25.13 76.64 129.96 2.36 
96.99 129.60 25.40 76.64 129.96 2.06 
97.18 129.58 25.58 76.35 129.94 1.84 
76.35 129.99 1.69 
75.47 129.91 1.41 
74.19 130.04 1.34 
+:>. 
o 
1.0 
Mdot Tsat 
Table A5.3 (cont.) Mass flow rate data for R22 in the 0.049-in. capillary tube. 
Tsub Mdot 
72.91 
71.24 
68.49 
Tsat 
130.09 
130.22 
130.48 
Tsub 
1.09 
1.02 
0.98 
Mdot Tsat Tsub Mdot Tsat Tsub 
Table A5.3 (cont.) Mass flow rate data for R22 in the 0.049-in. capillary tube. 
Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub 50.81 89.71 0.71 75.17 89.71 25.34 
51.07 89.71 0.81 75.17 89.71 25.25 
53.73 89.68 0.88 75.07 89.68 25.12 
54.85 89.71 1.11 74.88 89.64 24.95 
52.49 89.83 1.53 74.88 89.68 24.84 
51.71 89.94 1.94 74.88 89.68 24.70 
51.53 89.87 2.17 74.68 89.64 24.52 
51.84 89.98 2.48 74.68 89.64 24.36 
52.34 89.94 2.74 74.58 89.68 24.25 
56.72 89.79 2.79 74.58 89.64 24.07 
56.49 89.79 3.09 74.48 89.71 23.98 
56.77 89.75 3.25 74.38 89.71 23.83 
56.85 89.71 3.51 74.38 89.71 23.67 
57.21 89.75 3.75 74.29 89.79 23.60 
+>-- 56.98 89.68 3.98 74.09 89.71 23.35 ......... 
0 57.22 89.64 4.24 73.99 89.75 23.22 
57.49 89.60 4.50 73.89 89.75 23.02 
57.46 89.56 4.76 73.79 89.75 22.80 
57.72 89.56 5.06 73.60 89.75 22.55 
57.85 89.52 5.32 73.50 89.75 22.32 
58.15 89.52 5.62 73.30 89.75 22.07 
58.20 89.48 5.88 73.21 89.75 21.83 
58.33 89.45 6.05 73.11 89.75 21.59 
58.38 89.48 6.38 73.01 89.79 21.38 
58.70 89.48 6.68 72.91 89.83 21.16 
58.88 89.45 6.95 72.62 89.71 20.76 
59.22 89.48 7.38 72.52 89.79 20.54 
59.22 89.41 7.61 72.32 89.79 20.23 
59.50 89.45 8.05 72.22 89.83 19.96 
59.83 89.41 8.31 72.03 89.75 19.55 
59.77 89.33 8.53 71.83 89.75 19.25 
60.04 89.37 8.87 71.63 89.71 18.91 
60.33 89.41 9.11 71.53 89.75 18.65 
60.63 89.41 9.41 71.24 89.64 18.24 
60.79 89.41 9.71 71.14 89.68 17.98 
Table A5.3 (cont.) Mass flow rate data for R22 in the 0.049-in. capillary tube. 
Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub 61.03 89.41 10.01 70.95 89.68 17.68 
61.34 89.41 10.41 70.75 89.60 17.30 
61.62 89.41 10.71 70.55 89.56 16.96 
61.80 89.45 11.05 70.45 89.64 16.84 
62.12 89.45 11.35 70.45 89.60 16.50 
62.37 89.48 11.68 70.36 89.64 16.34 
62.59 89.45 11.95 70.16 89.64 16.14 
62.85 89.56 12.26 69.86 89.52 15.72 
63.05 89.52 12.52 69.77 89.56 15.56 
63.34 89.56 12.86 69.77 89.56 15.36 
63.66 89.52 13.02 69.67 89.60 15.20 
63.64 89.52 13.22 69.47 89.56 14.96 
63.89 89.56 13.56 67.07 89.71 14.91 
64.21 89.56 13.76 66.55 89.68 14.58 
.j::>. 64.25 89.52 13.92 66.48 89.64 14.34 ...... 
...... 64.59 89.60 14.30 66.29 89.64 14.14 
64.86 89.56 14.56 66.39 89.75 13.95 
65.21 89.60 14.90 66.29 89.79 13.79 
65.39 89.52 15.12 66.02 89.71 13.51 
65.89 89.56 15.56 66.16 89.79 13.39 
66.05 89.56 15.86 66.00 89.83 13.13 
66.79 89.48 16.08 65.71 89.87 12.87 
67.03 89.52 16.42 65.52 89.87 12.57 
67.39 89.60 16.80 65.38 89.87 12.27 
67.42 89.48 16.98 65.37 89.91 12.11 
67.62 89.45 17.25 65.27 89.98 11.88 
67.81 89.45 17.55 65.20 90.02 11.62 
68.14 89.48 17.88 64.85 89.98 11.38 
68.37 89.56 18.26 64.88 90.10 11.20 
68.50 89.48 18.48 64.67 90.10 10.90 
68.82 89.56 18.86 64.62 90.10 10.60 
69.17 89.56 19.16 64.32 90.10 10.30 
69.27 89.52 19.42 64.14 90.14 10.14 
69.47 89.56 19.70 64.03 90.06 9.76 
69.86 89.64 20.04 63.90 90.06 9.46 
Table A5.3 (cont.) Mass flow rate data for R22 in the 0.049-in. capillary tube. 
Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub 
70.16 89.64 20.30 63.73 90.02 9.12 
70.65 89.71 20.63 63.61 90.06 8.96 
70.85 89.75 20.92 63.30 89.98 8.58 
71.04 89.79 21.19 63.10 89.94 8.24 
71.34 89.83 21.47 63.02 89.94 8.04 
71.44 89.87 21.78 62.87 89.87 7.67 
71.63 89.83 22.00 62.56 89.87 7.37 
71.73 89.79 22.24 62.39 89.83 7.13 
72.03 89.83 22.57 62.38 89.87 6.87 
72.12 89.79 22.81 62.16 89.83 6.53 
72.32 89.79 23.08 61.96 89.75 6.25 
72.62 89.87 23.44 61.93 89.75 5.95 
74.19 89.75 23.58 61.81 89.79 5.79 
74.48 89.79 23.89 61.71 89.75 5.45 
.j::.. 74.58 89.75 24.09 61.24 89.68 5.18 ...... 
tv 74.58 89.71 24.29 61.25 89.64 4.84 
74.88 89.79 24.62 61.05 89.56 4.56 
74.97 89.75 24.85 61.08 89.64 4.34 
75.07 89.75 25.07 60.89 89.56 3.96 
75.27 89.71 25.22 60.90 89.64 3.84 
75.17 89.68 25.32 60.71 89.64 3.54 
75.27 89.71 25.38 60.53 89.68 3.38 
60.44 89.60 3.10 
59.57 89.60 2.80 
58.59 89.68 2.68 
58.54 89.64 2.34 
58.26 89.64 2.14 
58.35 89.71 1.91 
58.24 89.75 1.75 
58.04 89.75 1.45 
58.13 89.87 1.27 
57.88 89.83 1.03 
57.83 89.79 0.69 
57.71 89.87 0.57 
57.53 89.94 0.34 
Table A5.4 Mass flow rate data for R134a in the 0.039-in. capillary tube. 
Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub 22.36 129.02 0.12 21.96 109.99 0.39 35.12 110.03 25.93 11.66 89.38 0.18 25.73 129.13 0.23 24.70 109.86 0.86 35.23 110.03 25.83 22.16 89.27 0.27 26.70 129.26 0.26 28.15 109.69 1.59 34.99 110.03 25.63 28.83 89.49 0.59 28.04 129.26 0.36 29.84 109.73 2.23 34.91 109.99 25.39 24.81 89.75 1.05 32.16 129.19 0.79 25.66 109.95 2.95 34.86 110.03 25.23 21.61 89.75 1.35 32.86 129.09 1.99 24.37 110.12 3.62 34.62 110.03 25.03 19.91 89.65 1.65 35.18 129.09 2.69 24.33 110.12 4.02 34.61 110.03 24.83 19.78 89.65 2.05 32.62 128.95 3.15 24.35 110.16 4.46 34.54 110.07 24.67 22.64 89.49 2.19 30.53 128.78 3.38 24.68 110.25 4.95 34.58 110.03 24.33 22.31 89.49 2.59 30.15 128.78 3.78 24.98 110.20 5.20 34.53 110.03 24.13 21.97 89.54 2.94 30.05 128.78 4.08 25.23 110.33 5.73 34.27 110.03 23.93 21.97 89.43 3.23 30.10 128.95 4.55 25.47 110.33 6.03 34.21 110.07 23.77 22.15 89.54 3.64 30.26 128.92 4.72 25.50 110.29 6.29 34.08 110.07 23.57 22.09 89.38 3.88 30.47 128.99 5.09 25.68 110.42 6.72 34.10 110.07 23.27 22.25 89.49 4.29 .j:::.. 30.53 129.02 5.42 25.92 110.33 6.93 33.95 110.07 23.07 22.20 89.49 4.59 ....... t.J.) 30.81 128.95 5.55 26.08 110.37 7.27 34.00 110.07 22.87 22.50 89.49 4.89 30.72 128.99 5.79 26.36 110.37 7.57 33.87 110.07 22.57 22.62 89.54 5.34 31.02 128.99 5.99 26.45 110.37 7.87 33.69 110.12 22.42 22.63 89.43 5.43 31.21 129.02 6.22 26.69 110.37 8.07 33.66 110.16 22.26 22.73 89.43 5.73 31.21 129.02 6.52 26.75 110.37 8.37 33.65 110.12 21.92 22.67 89.54 6.14 31.39 129.09 6.79 26.97 110.37 8.67 33.41 110.03 21.63 22.85 89.43 6.23 31.55 129.13 7.03 27.00 110.25 8.85 33.42 110.07 21.47 22.89 89.49 6.49 31.53 129.09 7.19 27.19 110.42 9.32 33.11 110.12 21.32 22.98 89.49 6.79 31.81 129.09 7.39 27.45 110.37 9.47 33.18 110.12 21.12 23.00 89.43 6.93 31.79 129.06 7.56 27.65 110.29 9.69 33.11 110.07 20.77 23.05 89.49 7.19 32.12 129.06 7.76 27.74 110.42 10.12 33.09 110.07 20.57 23.14 89.38 7.28 32.16 129.02 7.92 27.81 110.25 10.15 32.84 110.12 20.42 23.24 89.43 7.53 32.23 129.06 8.16 27.94 110.42 10.62 32.94 110.12 20.22 23.08 89.38 7.78 32.39 129.09 8.39 28.15 110.25 10.65 32.91 110.16 20.06 23.40 89.54 8.14 32.59 129.06 8.66 28.30 110.33 11.03 32.68 110.07 19.67 23.39 89.38 8.18 32.66 129.02 8.82 28.47 110.29 11.19 32.72 110.07 19.47 23.47 89.38 8.38 32.63 128.95 8.95 28.46 110.33 11.53 32.63 110.12 19.32 23.51 89.49 8.69 32.78 128.95 9.25 28.65 110.25 11.65 32.57 110.16 19.06 23.37 89.38 8.78 32.99 128.99 9.49 28.60 110.29 11.99 32.39 110.12 18.82 23.71 89.32 8.92 33.06 128.88 9.58 28.94 110.25 12.15 32.35 110.12 18.52 23.71 89.43 9.23 
Table A5.4 (cont.) Mass flow rate data for R134a in the 0.039-in. capillary tube. 
Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub 33.20 128.88 9.88 28.94 110.25 12.35 32.22 110.12 18.32 23.70 89.38 9.38 33.26 128.85 10.15 29.13 110.25 12.65 32.00 110.16 18.16 23.70 89.38 9.58 33.36 128.85 10.35 29.23 110.20 12.80 32.17 110.12 17.92 23.93 89.32 9.72 33.37 128.81 10.51 29.25 110.25 13.05 32.07 110.12 17.62 23.99 89.32 10.02 33.57 128.81 10.71 29.45 110.25 13.25 31.86 110.07 17.37 24.04 89.27 10.17 33.80 128.81 11.01 29.47 110.20 13.40 31.77 110.03 17.13 24.06 89.32 10.52 33.80 128.78 11.18 29.68 110.33 13.83 31.72 110.12 17.02 24.09 89.22 10.62 34.04 128.78 11.48 29.85 110.20 13.90 31.61 110.12 16.72 24.22 89.38 10.98 34.22 128.74 11.64 29.82 110.33 14.23 31.54 110.07 16.47 24.27 89.32 11.12 34.14 128.74 11.84 30.02 110.20 14.30 31.60 110.07 16.27 24.34 89.43 11.43 34.46 128.74 12.14 30.03 110.29 14.59 31.30 110.07 16.07 24.49 89.27 11.47 34.56 128.71 12.31 30.30 110.25 14.75 31.35 110.07 15.87 24.45 89.27 11.67 34.50 128.74 12.64 30.47 110.25 14.95 31.25 110.07 15.57 24.53 89.16 11.76 34.86 128.78 12.88 30.42 110.33 15.23 31.30 110.03 15.33 24.60 89.11 11.81 ,J::.. 34.88 128.71 13.01 30.50 110.25 15.35 31.28 110.03 15.13 24.64 89.27 12.17 ......... ,J::.. 34.93 128.74 13.34 30.66 110.29 15.69 30.98 110.07 14.97 24.77 89.27 12.37 34.97 128.60 13.40 30.80 110.29 15.89 30.99 110.07 14.77 24.82 89.32 12.62 35.17 128.64 13.64 30.79 110.20 16.00 30.88 109.99 14.49 24.87 89.32 12.82 35.23 128.60 13.80 30.99 110.33 16.43 30.85 110.07 14.27 24.91 89.32 13.02 35.40 128.60 14.10 31.05 110.25 16.55 30.77 110.07 14.07 25.04 89.38 13.28 35.49 128.60 14.30 31.19 110.33 16.83 30.56 110.03 13.83 25.02 89.27 13.37 35.59 128.60 14.50 31.28 110.25 16.95 30.61 110.07 13.67 25.23 89.32 13.62 35.54 128.57 14.67 31.37 110.25 17.15 30.58 110.07 13.37 25.33 89.32 13.92 35.76 128.60 15.00 31.55 110.29 17.39 30.49 110.03 13.13 25.29 89.27 14.07 35.89 128.57 15.17 31.54 110.25 17.55 30.32 110.07 12.97 25.38 89.22 14.32 36.02 128.57 15.37 31.69 110.25 17.75 30.41 110.12 12.82 25.49 89.27 14.67 36.10 128.60 15.60 31.73 110.25 18.05 30.19 110.03 12.53 25.63 89.32 14.92 36.18 128.57 15.87 31.71 110.25 18.25 30.14 110.03 12.33 25.82 89.32 15.22 36.33 128.57 16.07 31.93 110.16 18.36 30.06 110.12 12.12 25.85 89.27 15.37 36.48 128.53 16.23 32.15 110.25 18.65 30.05 110.03 11.83 25.77 89.16 15.56 36.57 128.50 16.50 32.26 110.25 18.85 30.04 110.03 11.63 26.05 89.22 15.82 36.63 128.50 16.80 32.20 110.12 19.02 29.94 110.07 11.47 26.12 89.32 16.22 36.79 128.46 16.96 32.29 110.25 19.35 29.78 110.03 11.13 26.05 89.11 16.21 36.86 128.50 17.30 32.45 110.20 19.60 29.81 110.12 11.02 26.35 89.22 16.52 37.04 128.46 17.46 32.65 110.16 19.76 29.64 110.07 10.77 26.45 89.27 16.77 
Table A5.4 (cont.) Mass flow rate data for R134a in the 0.039-in. capillary tube. 
Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub 37.11 128.50 17.80 32.64 110.20 20.00 29.65 110.07 10.57 26.38 89.05 16.75 37.17 128.46 17.96 32.76 110.20 20.30 29.69 110.12 10.42 26.57 89.32 17.32 37.39 128.50 18.30 32.91 110.20 20.60 29.59 110.03 10.13 26.59 89.00 17.20 37.53 128.46 18.46 33.08 110.16 20.76 29.45 110.16 10.06 26.77 89.27 17.77 37.59 128.46 18.76 33.15 110.20 21.00 29.44 110.07 9.77 26.82 89.05 17.75 37.79 128.46 18.96 33.23 110.20 21.20 29.29 110.20 9.60 26.85 89.22 18.12 37.77 128.50 19.30 33.25 110.16 21.46 29.35 110.12 9.32 27.02 89.05 18.15 37.97 128.46 19.46 33.25 110.16 21.66 29.25 110.16 9.16 26.97 89.11 18.41 37.98 128.50 19.80 33.56 110.20 21.90 29.17 110.20 9.00 27.17 89.05 18.55 38.30 128.50 20.00 33.65 110.20 22.10 29.15 110.07 8.67 27.17 89.00 18.70 38.28 128.53 20.23 33.60 110.16 22.26 29.17 110.16 8.46 27.35 89.11 19.11 38.42 128.53 20.53 33.80 110.16 22.46 28.95 110.25 8.35 27.42 88.95 19.18 38.61 128.53 20.73 33.81 110.16 22.76 28.88 110.12 8.02 27.42 89.11 19.56 38.74 128.57 20.97 33.86 110.16 22.96 28.94 110.12 7.82 27.41 88.89 19.56 ~ 38.76 128.57 21.27 34.08 110.16 23.26 28.74 110.25 7.75 27.59 89.05 19.92 ....... U\ 38.92 128.57 21.47 34.06 110.16 23.46 28.51 110.12 7.42 27.66 88.78 19.88 39.02 128.53 21.73 34.28 110.16 23.76 28.56 110.12 7.22 27.75 89.11 20.43 39.11 128.57 21.97 34.39 110.16 24.06 28.41 110.20 7.00 27.94 88.89 20.41 39.28 128.57 22.17 34.54 110.12 24.32 28.36 110.07 6.67 27.69 88.89 20.60 39.39 128.53 22.33 34.71 110.12 24.52 28.32 110.16 6.56 28.04 89.00 20.96 39.47 128.57 22.67 34.70 110.16 24.86 28.21 110.16 6.36 28.00 88.84 21.01 39.56 128.57 22.87 34.90 110.12 25.02 28.15 110.07 5.97 28.15 88.84 21.18 39.61 128.57 23.07 34.81 110.12 25.32 28.02 110.20 5.90 28.25 89.00 21.53 39.73 128.60 23.30 34.99 110.07 25.47 28.02 110.12 5.62 28.24 88.84 21.54 39.90 128.57 23.57 35.18 110.07 25.67 27.85 109.99 5.29 28.45 89.00 21.90 40.08 128.60 23.80 35.24 110.03 25.83 27.88 110.16 5.26 28.49 88.89 22.00 40.07 128.57 23.97 35.18 110.07 25.97 27.77 110.12 5.02 28.82 88.89 22.23 40.23 128.60 24.20 27.76 110.03 4.73 28.79 89.11 22.67 40.25 128.57 24.37 27.76 110.12 4.52 28.71 88.89 22.67 40.47 127.98 24.68 27.53 110.16 4.46 28.94 88.95 22.96 
27.51 110.12 4.12 28.96 89.05 23.30 
27.56 109.99 3.79 29.14 88.89 23.43 
27.41 110.03 3.63 29.34 89.16 23.98 
27.38 110.16 3.56 29.25 88.89 23.94 
27.28 110.16 3.36 29.53 89.05 24.38 
Table A5.4 (cont.) Mass flow rate data for R134a in the 0.039-in. capillary tube. 
Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub 
27.14 110.12 3.12 29.50 88.95 24.54 
27.14 110.03 2.73 29.44 88.84 24.69 
27.16 109.99 2.49 
27.01 110.07 2.37 
26.99 110.12 2.12 
26.90 110.16 1.96 
26.51 110.12 1.72 
26.23 110.12 1.52 
26.15 110.12 1.32 
26.07 110.12 1.12 
24.60 110.07 0.77 
.j:::.. 
...... 
0\ 
Table A5.5 Mass flow rate data for R134a in the 0.042-in. capillary tube. 
Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub 34.88 129.75 0.05 29.46 110.00 0.30 46.26 109.91 26.01 22.67 89.72 0.22 36.35 129.61 0.21 31.80 109.91 0.41 46.20 109.87 25.77 24.48 89.66 0.26 40.51 129.58 0.58 34.20 109.74 0.44 46.02 109.91 25.61 28.07 89.56 0.36 44.09 129.72 1.72 38.21 109.70 1.10 45.91 109.96 25.36 29.72 89.56 0.46 43.08 129.89 2.39 38.77 109.79 1.69 45.81 109.91 25.11 29.78 89.66 0.66 38.95 129.92 2.92 34.03 109.91 2.31 45.59 109.96 24.86 28.01 89.77 1.07 38.44 129.79 3.19 32.72 110.00 2.80 45.42 109.96 24.56 26.31 89.82 1.32 38.32 129.79 3.49 32.38 110.04 3.24 45.24 109.96 24.26 25.06 89.88 1.58 38.52 129.79 3.79 32.34 110.09 3.59 45.09 109.96 23.96 24.97 89.88 1.78 38.63 129.79 4.09 32.62 110.13 3.93 44.90 110.00 23.80 25.01 89.88 2.08 38.89 129.75 4.35 32.77 110.13 4.23 44.76 110.04 23.54 24.93 89.88 2.38 39.03 129.75 4.55 32.86 110.13 4.53 44.59 110.04 23.24 25.29 89.93 2.73 39.22 129.79 4.89 33.01 110.13 4.83 44.35 110.09 23.09 25.74 89.93 3.13 39.48 129.79 5.19 33.12 110.13 5.03 44.31 110.13 22.83 25.94 89.93 3.43 .j::>.. 39.62 129.79 5.49 33.19 110.13 5.33 44.16 110.13 22.53 26.29 89.93 3.73 ....... 
-....J 40.17 129.75 5.65 33.38 110.13 5.53 43.98 110.13 22.23 26.41 89.88 3.98 40.29 129.75 5.95 33.50 110.13 5.73 43.98 110.13 22.03 26.24 89.88 4.18 40.55 129.79 6.29 33.63 110.13 6.03 43.88 110.13 21.73 26.43 89.88 4.48 40.61 129.75 6.45 33.72 110.13 6.23 43.71 110.17 21.47 26.49 89.88 4.68 40.84 129.75 6.75 33.76 110.13 6.43 43.68 110.17 21.17 26.77 89.88 4.88 40.89 129.75 7.05 33.84 110.13 6.63 43.57 110.17 20.97 26.90 89.93 5.13 41.22 129.79 7.29 33.95 110.13 6.83 43.46 110.17 20.67 27.07 89.88 5.28 41.39 129.82 7.62 34.07 110.09 6.99 43.35 110.17 20.37 27.30 89.88 5.48 41.52 129.79 7.89 34.17 110.09 7.19 43.22 110.13 20.03 27.51 89.88 5.68 41.68 129.79 8.19 34.34 110.09 7.49 43.12 110.13 19.73 27.68 89.88 5.88 41.82 129.82 8.42 34.55 110.04 7.74 43.08 110.13 19.43 27.89 89.88 6.08 41.93 129.82 8.72 34.76 110.04 8.04 42.93 110.13 19.13 28.11 89.88 6.28 42.26 129.82 9.02 34.96 110.00 8.30 42.80 110.09 18.79 28.24 89.88 6.48 42.35 129.79 9.29 35.21 110.00 8.60 42.64 110.09 18.49 28.45 89.82 6.72 42.80 129.75 9.65 35.40 109.96 8.86 42.54 110.04 18.14 28.63 89.82 6.92 42.95 129.82 10.02 35.61 110.00 9.10 42.44 110.04 17.84 28.82 89.77 7.07 43.42 129.75 10.25 35.77 109.96 9.36 42.35 110.00 17.50 28.90 89.77 7.27 43.49 129.75 10.55 36.08 109.96 9.56 42.22 110.00 17.20 29.05 89.77 7.57 43.59 129.75 10.95 36.31 109.96 9.76 42.05 110.00 16.90 29.22 89.72 7.72 43.82 129.72 11.22 36.67 110.00 10.10 41.98 110.00 16.60 29.45 89.72 8.02 
Table A5.5 (cont.) Mass flow rate data for R134a in the 0.042-in. capillary tube. 
Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub 44.00 129.72 11.52 36.94 109.96 10.36 41.74 110.00 16.30 29.64 89.72 8.22 44.11 129.72 11.82 37.38 110.00 10.70 40.75 110.00 16.10 29.88 89.66 8.46 44.43 129.68 12.08 37.64 110.00 11.00 40.43 110.00 15.80 29.42 89.66 8.66 44.59 129.72 12.52 37.87 110.00 11.30 40.25 109.96 15.36 29.41 89.66 8.96 44.90 129.75 12.95 37.96 110.00 11.50 40.13 110.00 15.10 29.63 89.66 9.26 45.14 129.75 13.35 37.99 110.04 11.84 39.97 110.00 14.80 29.83 89.66 9.56 45.28 129.79 13.69 38.12 110.04 12.04 39.87 110.00 14.50 30.04 89.61 9.71 45.56 129.75 14.05 38.18 110.04 12.34 39.74 110.00 14.10 30.92 89.61 10.01 45.71 129.79 14.49 38.31 110.09 12.59 39.43 110.00 13.80 30.97 89.56 10.26 45.90 129.79 14.79 38.43 110.13 12.93 39.05 110.00 13.50 30.34 89.56 10.56 46.08 129.75 15.05 38.53 110.13 13.23 38.94 110.00 13.20 30.35 89.61 10.81 46.27 129.75 15.35 38.69 110.13 13.53 38.79 110.00 12.80 30.58 89.61 11.11 46.39 129.75 15.65 38.81 110.17 13.87 38.66 110.00 12.50 30.70 89.56 11.36 46.63 129.75 15.95 38.99 110.13 14.13 38.61 110.00 12.20 30.79 89.56 11.66 +::. 46.81 129.75 16.25 39.19 110.13 14.43 38.44 110.00 11.90 30.84 89.50 11.90 ...... 00 46.92 129.75 16.55 39.34 110.17 14.77 38.27 110.00 11.60 30.97 89.50 12.10 47.14 129.72 16.82 39.41 110.17 14.97 38.01 110.00 11.30 31.05 89.50 12.40 47.33 129.72 17.22 39.58 110.17 15.27 37.18 110.04 11.04 31.15 89.50 12.60 47.60 129.75 17.65 39.77 110.17 15.47 37.06 110.04 10.74 31.37 89.50 12.80 47.78 129.72 17.92 39.83 110.17 15.87 36.92 110.04 10.44 31.43 89.50 13.10 48.08 129.72 18.22 40.04 110.17 16.17 36.67 110.09 10.19 31.50 89.45 13.25 48.17 129.72 18.52 40.21 110.13 16.43 36.44 110.09 9.89 31.65 89.45 13.55 48.34 129.68 18.88 40.33 110.13 16.73 36.16 110.09 9.59 31.75 89.45 13.75 48.60 129.68 19.18 40.53 110.09 16.99 35.85 110.13 9.33 31.92 89.45 14.05 48.66 129.68 19.48 40.66 110.09 17.29 35.61 110.13 9.03 32.03 89.50 14.40 48.83 129.68 19.78 40.85 110.09 17.59 35.40 110.13 8.73 32.17 89.45 14.65 49.06 129.68 20.18 40.97 110.04 17.74 35.28 110.17 8.47 32.61 89.45 14.85 49.23 129.68 20.48 41.04 110.04 18.04 35.05 110.13 8.13 33.71 89.50 15.20 49.47 129.68 20.78 41.20 110.04 18.24 34.95 110.21 7.91 33.88 89.50 15.50 49.67 129.68 21.08 41.86 110.00 18.40 34.84 110.21 7.61 33.96 89.45 15.75 49.90 129.68 21.48 42.37 109.96 18.66 34.36 110.21 7.31 34.00 89.50 16.00 50.10 129.79 21.89 42.55 109.96 18.96 34.25 110.26 7.06 34.05 89.50 16.30 50.35 129.61 22.01 42.62 109.91 19.21 34.05 110.26 6.76 34.14 89.50 16.50 50.48 129.65 22.35 42.66 109.87 19.37 34.10 110.30 6.50 34.27 89.50 16.80 50.69 129.65 22.75 42.77 109.87 19.67 33.81 110.30 6.20 34.40 89.50 17.10 
Table A5.5 (cont.) Mass flow rate data for R134a in the 0.042-in. capillary tube. 
Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub 50.91 129.65 23.05 42.80 109.87 19.87 33.67 110.30 5.90 34.50 89.50 17.30 51.10 129.61 23.31 43.05 109.87 20.17 33.52 110.30 5.60 34.52 89.50 17.60 51.21 129.61 23.61 43.20 109.83 20.33 33.46 110.30 5.30 34.59 89.45 17.75 51.36 129.58 23.88 43.30 109.83 20.63 33.26 110.30 5.00 34.72 89.50 18.10 51.55 129.58 24.18 43.37 109.83 20.93 33.26 110.30 4.70 34.81 89.50 18.30 51.66 129.58 24.48 43.59 109.83 21.23 32.94 110.30 4.40 34.88 89.50 18.50 51.92 129.61 24.81 43.69 109.79 21.49 32.85 110.30 4.10 34.92 89.50 18.80 43.84 109.74 21.74 32.77 110.26 3.76 35.05 89.50 19.00 43.93 109.74 22.04 32.57 110.26 3.46 35.15 89.50 19.20 43.90 109.74 22.34 32.13 110.26 3.16 35.24 89.50 19.40 43.95 109.74 22.54 32.05 110.21 2.91 35.22 89.50 19.65 44.21 109.74 22.84 31.85 110.21 2.61 35.40 89.50 19.87 44.58 109.79 23.19 31.56 110.21 2.31 35.62 89.45 20.16 44.73 109.83 23.43 31.30 110.17 1.97 35.77 89.45 20.40 +:>. 44.87 109.79 23.59 31.05 110.13 1.63 35.87 89.45 20.74 ....... \0 45.04 109.83 23.93 28.30 110.21 1.51 36.63 89.39 21.02 45.20 109.83 24.23 23.79 110.38 1.38 37.02 89.45 21.40 45.30 109.83 24.53 19.70 110.72 1.12 37.21 89.39 21.72 45.43 109.83 24.83 15.77 110.68 0.18 37.32 89.39 21.95 45.62 109.83 25.13 14.84 110.68 0.08 37.50 89.39 22.18 45.78 109.83 25.33 11.48 110.55 0.05 37.59 89.39 22.45 45.90 109.83 25.63 37.68 89.34 22.69 46.14 109.83 25.83 37.85 89.34 22.94 46.43 109.83 26.03 37.93 89.34 23.15 46.40 109.83 26.13 37.97 89.34 23.34 
38.08 89.34 23.56 
38.12 89.29 23.69 
38.26 89.29 23.87 
38.33 89.29 24.06 
38.42 89.29 24.25 
38.44 89.23 24.41 
38.63 89.29 24.70 
38.77 89.29 24.92 
38.84 89.23 25.07 
39.01 89.29 25.35 
Table A5.6 Mass flow rate data for R134a in the 0.049-in. capillary tube. 
Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub 57.74 129.22 1.12 66.24 109.30 25.30 35.44 110.20 0.40 32.61 88.84 0.44 60.57 129.26 1.26 66.14 109.34 25.14 35.67 110.16 0.36 33.78 88.79 0.49 59.03 129.22 1.52 65.92 109.34 24.94 37.54 110.16 0.46 34.00 88.79 0.59 59.23 129.33 2.03 65.79 109.34 24.64 40.34 110.16 0.46 34.53 88.84 0.74 56.56 129.54 2.64 65.60 109.39 24.39 42.49 110.03 0.53 42.87 88.73 0.73 56.51 129.57 2.87 65.39 109.39 24.19 44.28 109.94 0.54 41.67 88.73 0.93 56.81 129.60 3.30 65.25 109.39 23.89 45.31 109.90 0.90 40.94 88.62 1.02 57.01 129.57 3.47 65.09 109.39 23.69 45.92 109.86 1.26 40.62 88.57 1.17 57.46 129.67 3.87 64.95 109.43 23.43 45.81 109.99 1.69 40.53 88.51 1.31 57.71 129.67 4.17 64.68 109.43 23.23 44.66 110.03 1.93 40.91 88.51 1.51 58.05 129.71 4.41 64.63 109.47 22.97 45.53 110.03 2.23 41.00 88.51 1.71 58.33 129.67 4.67 64.40 109.47 22.67 47.84 110.03 2.33 41.19 88.51 2.01 58.67 129.64 4.84 64.34 109.56 22.56 47.85 109.94 2.54 41.08 88.46 2.26 58.82 129.60 5.10 64.13 109.52 22.22 47.88 109.86 2.66 41.24 88.41 2.41 +:>. 59.19 129.67 5.37 63.99 109.52 22.02 47.88 109.86 2.86 41.38 88.41 2.61 N 0 59.49 129.67 5.67 63.86 109.56 21.76 47.98 109.69 2.89 41.49 88.41 2.81 59.59 129.60 5.90 63.70 109.60 21.60 47.94 109.77 3.17 41.53 88.46 3.06 59.94 129.60 6.10 63.56 109.60 21.30 48.13 109.60 3.10 41.51 88.41 3.21 60.11 129.64 6.44 63.42 109.64 21.14 48.09 109.64 3.34 41.73 88.41 3.41 60.24 129.57 6.57 63.30 109.73 21.03 48.19 109.47 3.37 41.74 88.41 3.61 60.40 129.50 6.70 63.12 109.73 20.73 48.36 109.56 3.66 41.73 88.30 3.60 60.66 129.57 7.07 63.02 109.73 20.53 48.39 109.47 3.77 41.71 88.30 3.80 60.92 129.47 7.17 62.86 109.77 20.27 48.59 109.56 4.06 41.92 88.24 3.94 61.04 129.50 7.50 62.74 109.82 20.12 48.69 109.47 4.17 41.95 88.24 4.14 61.52 129.54 7.74 62.57 109.82 19.92 48.79 109.56 4.46 41.91 88.19 4.29 61.84 129.54 8.04 62.44 109.77 19.57 48.95 109.47 4.57 42.08 88.24 4.54 61.63 129.43 8.13 62.23 109.73 19.33 49.10 109.56 4.96 42.32 88.19 4.69 62.05 129.47 8.47 62.04 109.69 18.99 49.34 109.56 5.16 42.29 88.19 4.89 62.26 129.43 8.63 61.82 109.64 18.74 49.46 109.56 5.36 42.48 88.24 5.14 62.89 129.43 8.83 61.61 109.60 18.50 49.55 109.52 5.52 42.57 88.19 5.19 62.74 129.40 9.10 61.46 109.60 18.20 49.72 109.64 5.84 42.52 88.13 5.33 63.25 129.47 9.37 61.34 109.56 17.96 49.89 109.60 6.10 42.62 88.13 5.53 63.22 129.33 9.43 61.27 109.56 17.76 49.97 109.60 6.30 42.84 88.13 5.73 63.45 129.33 9.73 61.10 109.60 17.60 50.25 109.60 6.60 42.89 88.19 5.99 63.62 129.33 9.93 60.93 109.56 17.26 50.48 109.64 6.84 42.94 88.13 6.13 
Table A5.6 (cont.) Mass flow rate data for R134a in the 0.049-in. capillary tube. 
Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub 63.87 129.26 10.06 60.82 109.56 17.06 50.59 109.64 7.04 43.21 88.08 6.28 63.86 129.26 10.26 60.66 109.56 16.86 50.77 109.60 7.30 43.04 88.13 6.53 64.09 129.16 10.46 60.58 109.60 16.60 50.79 109.64 7.44 43.24 88.08 6.68 64.40 129.22 10.72 60.39 109.60 16.40 50.80 109.64 7.34 43.22 88.08 6.88 64.41 129.16 10.86 60.36 109.60 16.20 50.45 109.60 7.10 43.33 88.03 6.93 64.75 129.16 11.06 60.18 109.60 16.00 50.38 109.64 6.94 43.49 88.08 7.18 65.05 129.19 11.39 60.06 109.64 15.84 50.25 109.64 6.84 43.60 88.03 7.23 65.08 129.12 11.52 59.98 109.64 15.54 50.39 109.64 6.74 43.65 88.03 7.43 65.18 129.16 11.76 59.87 109.60 15.30 50.28 109.60 6.60 43.55 87.97 7.57 65.59 129.16 11.96 59.64 109.64 15.14 50.30 109.73 6.73 43.87 87.97 7.77 65.60 129.09 12.09 59.59 109.60 14.90 50.28 109.60 6.70 43.90 88.03 8.03 65.81 129.09 12.29 59.46 109.64 14.74 50.32 109.69 6.79 44.15 88.03 8.23 65.89 129.02 12.52 59.40 109.60 14.50 50.47 109.64 6.84 44.16 88.03 8.43 66.43 129.16 12.86 59.29 109.60 14.20 5.0.42 109.64 6.84 44.23 88.03 8.53 .j::.. 66.39 129.09 12.99 59.02 109.60 14.00 50.38 109.69 6.79 44.53 88.03 8.73 tv ...... 66.66 129.09 13.19 58.99 109.64 13.84 50.38 109.73 6.83 44.47 88.08 8.98 66.61 129.02 13.42 58.82 109.60 13.60 50.35 109.64 6.74 44.61 88.08 9.08 66.97 128.98 13.58 58.72 109.60 13.40 50.53 109.73 6.93 44.75 88.08 9.28 67.06 128.91 13.71 58.60 109.60 13.20 50.54 109.60 6.90 44.76 88.03 9.33 67.22 128.95 13.95 58.34 109.60 13.00 50.69 109.69 7.19 44.85 88.08 9.58 67.39 128.91 14.11 58.30 109.52 12.72 50.87 109.69 7.39 44.94 88.08 9.68 67.56 128.84 14.24 58.17 109.56 12.56 51.00 109.60 7.60 45.09 88.08 9.88 68.07 128.98 14.68 58.10 109.56 12.36 51.26 109.69 7.89 45.15 88.08 9.98 67.98 128.91 14.81 57.86 109.52 12.12 51.43 109.64 8.14 45.23 88.08 10.18 68.27 128.88 15.08 57.90 109.56 11.96 51.66 109.64 8.44 45.31 88.03 10.23 68.50 128.84 15.24 57.82 109.56 11.76 51.89 109.69 8.79 45.34 88.03 10.43 68.63 128.88 15.48 57.60 109.47 11.47 52.03 109.60 8.90 45.53 88.08 10.58 68.97 128.91 15.71 57.53 109.52 11.32 52.33 109.73 9.33 45.60 88.08 10.78 69.20 128.91 16.01 57.29 109.52 11.12 52.35 109.64 9.54 45.54 88.08 10.88 69.47 128.91 16.21 57.30 109.47 10.87 52.76 109.60 9.80 45.82 88.08 10.98 69.68 129.02 16.62 57.25 109.52 10.72 52.89 109.69 10.09 45.72 88.03 11.13 69.97 129.05 16.85 57.04 109.52 10.52 53.10 109.60 10.30 45.84 88.03 11.23 70.10 129.02 17.02 56.94 109.52 10.32 53.32 109.64 10.64 46.01 88.08 11.48 70.40 128.98 17.28 56.82 109.52 10.12 53.58 109.56 10.86 46.04 88.08 11.58 70.60 128.98 17.48 56.88 109.56 9.96 53.75 109.64 11.14 46.21 88.08 11.78 
Table A5.6 (cont.) Mass flow rate data for R134a in the 0.049-in. capillary tube. 
Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub 70.80 128.98 17.68 56.70 109.60 9.80 53.91 109.52 11.32 46.12 88.03 11.83 70.90 128.98 17.98 56.60 109.60 9.60 54.40 109.56 11.66 46.28 88.08 11.98 71.10 128.98 18.18 55.88 109.52 9.42 54.52 109.60 11.90 46.44 88.08 12.08 71.40 129.02 18.42 55.14 109.64 9.34 54.61 109.52 12.12 46.62 88.08 12.28 71.60 129.09 18.69 54.11 109.60 9.10 54.99 109.60 12.50 46.48 88.08 12.38 71.60 128.98 18.78 53.85 109.69 8.99 55.30 109.52 12.62 46.72 88.03 12.53 71.70 128.98 18.98 53.80 109.64 8.74 55.49 109.56 12.96 46.66 88.08 12.68 72.10 129.05 19.25 53.74 109.77 8.67 55.62 109.56 13.26 46.91 88.08 12.88 72.20 128.95 19.45 53.64 109.73 8.43 56.04 109.60 13.50 47.03 88.08 13.18 72.40 128.91 19.61 53.41 109.73 8.23 56.35 109.60 13.80 47.20 88.08 13.48 72.30 128.77 19.67 53.35 109.82 8.12 56.81 109.52 13.92 47.38 88.08 13.68 72.60 128.70 19.80 53.23 109.77 7.87 57.28 109.56 14.26 47.61 88.13 13.93 72.80 128.77 20.07 53.12 109.82 7.72 57.46 109.52 14.52 47.56 88.08 14.08 73.10 128.88 20.38 53.14 109.86 7.56 57.55 109.56 14.76 47.73 88.13 14.23 .f;>. 73.40 129.02 20.72 53.04 109.90 7.40 57.63 109.52 14.92 47.94 88.19 14.49 tv tv 73.50 128.98 20.88 52.99 109.86 7.26 57.88 109.52 15.22 47.91 88.19 14.59 73.70 129.09 21.19 52.99 109.90 7.30 57.90 109.52 15.52 48.16 88.19 14.69 74.00 129.12 21.42 52.99 109.90 7.30 58.42 109.52 15.72 48.33 88.24 15.04 74.20 129.19 21.59 53.05 109.90 7.40 58.51 109.47 15.87 48.38 88.24 15.24 74.30 129.22 21.82 53.05 109.90 7.50 58.63 109.56 16.26 48.67 88.30 15.50 74.70 129.33 22.03 53.14 109.94 7.54 58.83 109.47 16.37 48.66 88.24 15.64 74.70 129.29 22.29 53.08 109.94 7.54 59.06 109.56 16.76 48.89 88.35 15.95 75.00 129.36 22.56 53.12 109.90 7.50 59.38 109.52 16.92 49.08 88.30 16.10 75.40 129.47 22.97 53.05 109.90 7.40 59.48 109.56 17.26 49.28 88.35 16.35 75.80 129.47 23.17 53.03 109.94 7.44 59.93 109.56 17.46 49.34 88.30 16.60 52.99 109.94 7.34 59.90 109.52 17.62 49.52 88.35 16.85 52.99 109.90 7.30 60.09 109.60 18.00 49.65 88.35 17.05 52.92 109.90 7.20 60.44 109.47 18.07 49.77 88.35 17.15 52.79 109.94 7.04 60.69 109.56 18.36 49.92 88.41 17.41 52.68 109.90 6.80 60.78 109.47 18.57 49.98 88.35 17.45 52.53 109.90 6.60 60.91 109.52 18.82 50.16 88.35 17.65 52.44 109.94 6.44 61.23 109.47 18.97 50.29 88.35 17.85 52.23 109.90 6.20 61.22 109.47 19.17 50.37 88.30 17.90 52.20 109.90 5.90 61.53 109.47 19.47 50.36 88.35 18.05 52.08 109.86 5.66 61.48 109.43 19.63 50.57 88.35 18.25 
Table A5.6 (cont.) Mass flow rate data for R134a in the 0.049-in. capillary tube. 
Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub 
52.04 109.90 5.50 61.94 109.52 19. 2 50.64 88.30 18.45 51.72 109.86 5.26 61.97 109.43 20.03 50.81 88.30 18.66 51.62 109.90 5.10 62.16 109.52 20.42 50.99 88.30 18.82 51.59 109.86 4.76 62.19 109.47 20.57 51.08 88.35 19.02 51.50 109.94 4.64 62.50 109.43 20.73 51.12 88.24 19.09 51.40 109.94 4.44 62.59 109.47 20.97 51.39 88.24 19.31 51.21 109.90 4.20 62.71 109.39 21.09 51.39 88.24 19.55 51.19 109.90 4.00 62.99 109.47 21.37 51.62 88.30 19.83 51.01 109.94 3.84 63.03 109.39 21.49 51.73 88.19 20.01 50.90 109.94 3.64 63.21 109.34 21.64 51.94 88.19 20.25 50.70 109.86 3.26 63.44 109.43 22.03 52.08 88.24 20.51 50.64 109.99 3.19 63.51 109.34 22.14 52.32 88.19 20.72 50.60 109.90 2.90 63.80 109.43 22.43 52.50 88.13 20.99 50.36 109.94 2.74 63.85 109.26 22.46 52.62 88.19 21.37 ..j:>.. 50.32 109.94 2.54 64.05 109.34 22.74 52.88 88.19 21.53 tv w 50.30 109.94 2.34 64.44 109.30 22.90 53.07 88.13 21.78 50.03 109.99 2.09 64.77 109.26 23.06 53.35 88.19 22.08 50.11 109.94 1.84 64.88 109.34 23.34 53.54 88.13 22.24 49.96 109.99 1.69 64.92 109.30 23.50 53.66 88.13 22.40 49.85 109.94 1.44 65.20 109.34 23.74 53.87 88.13 22.60 49.71 109.94 1.14 65.28 109.39 23.99 54.05 88.13 22.91 49.58 109.90 0.90 65.48 109.30 24.10 54.29 88.13 23.16 49.43 109.99 0.79 65.51 109.26 24.26 54.39 88.13 23.37 49.38 109.90 0.50 65.75 109.34 24.54 54.52 88.13 23.57 49.30 109.99 0.39 65.84 109.26 24.56 54.74 88.13 23.77 49.01 109.90 0.10 66.00 109.30 24.80 54.75 88.08 23.89 42.42 110.37 0.37 55.03 88.08 24.22 34.38 110.54 0.44 55.10 88.03 24.46 27.56 110.41 0.31 55.36 88.08 24.63 32.23 110.46 0.36 55.46 87.97 24.82 31.26 110.20 0.30 55.66 88.03 25.13 34.53 110.16 0.36 
Table A5.7 Mass flow rate data for R407C in the 0.039-in. capillary tube. 
Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub 
42.38 130.48 0.28 34.72 110.03 0.23 48.13 110.20 25.50 29.04 90.48 0.48 43.05 130.50 0.40 34.99 110.11 0.41 48.04 110.22 25.32 28.87 90.38 0.58 43.50 130.48 0.58 36.04 110.20 0.50 47.99 110.14 25.14 29.38 90.48 0.88 43.92 130.43 0.73 36.66 110.17 0.67 47.85 110.25 25.05 29.67 90.54 1.14 44.42 130.46 0.96 37.05 110.06 0.76 47.63 110.17 24.77 30.02 90.74 1.64 45.42 130.46 1.16 37.52 110.00 1.10 47.75 110.25 24.65 29.81 90.80 1.90 46.07 130.46 1.46 38.21 109.97 1.37 47.39 110.20 24.40 29.59 90.93 2.23 45.60 130.46 2.06 38.60 109.92 1.62 47.55 110.25 24.15 29.67 90.96 2.56 45.16 130.46 2.46 38.36 110.00 2.00 47.43 110.28 23.98 29.48 91.03 2.93 44.59 130.46 2.76 37.67 110.09 2.39 47.13 110.22 23.72 29.69 91.09 3.29 44.06 130.48 3.18 37.01 109.83 2.53 47.26 110.31 23.51 29.92 91.09 3.59 43.87 130.48 3.38 36.82 109.61 2.61 47.02 110.34 23.34 30.36 91.19 3.99 43.92 130.48 3.68 36.47 109.39 2.79 47.00 110.34 23.04 30.40 91.19 4.39 44.04 130.48 3.98 36.30 109.25 2.95 46.92 110.34 22.84 30.79 91.22 4.72 ..j:>.. 44.20 130.48 4.18 36.26 109.11 3.11 46.76 110.34 22.44 30.82 91.12 4.82 N ..j:>.. 44.32 130.48 4.38 36.27 109.05 3.45 46.50 110.25 22.05 30.91 91.06 5.06 44.47 130.48 4.58 36.37 108.97 3.67 46.55 110.31 21.81 30.98 90.99 5.29 44.61 130.48 4.78 36.41 108.83 3.73 46.33 110.25 21.45 31.04 90.86 5.36 44.79 130.46 4.86 36.44 108.74 3.94 46.12 110.22 21.12 30.95 90.74 5.54 44.92 130.46 5.16 36.66 108.57 4.07 46.04 110.28 20.88 31.15 90.70 5.70 45.09 130.46 5.36 37.74 109.56 5.26 46.22 110.34 20.64 31.17 90.64 5.84 45.19 130.46 5.46 38.91 110.92 6.82 45.68 110.25 20.25 31.34 90.61 6.11 45.28 130.48 5.58 39.22 111.11 7.31 45.80 110.36 20.06 31.45 90.54 6.24 45.37 130.50 6.00 38.96 111.00 7.40 45.44 110.31 19.71 31.51 90.51 6.41 45.44 130.52 6.22 38.67 110.11 6.81 45.60 110.39 19.49 31.75 90.51 6.61 45.54 130.52 6.52 39.38 110.67 7.57 45.37 110.34 19.14 31.78 90.51 6.81 45.65 130.54 6.75 39.43 110.64 7.84 45.37 110.36 18.86 31.87 90.51 7.01 45.69 130.54 6.95 39.36 110.67 8.07 45.30 110.42 18.62 32.00 90.54 7.24 45.81 130.52 7.12 39.52 110.75 8.45 45.01 110.31 18.21 32.09 90.51 7.41 45.93 130.52 7.32 39.80 110.81 8.91 44.93 110.36 17.96 32.35 90.64 7.64 46.06 130.52 7.62 40.28 110.89 9.29 44.81 110.39 17.69 32.38 90.51 7.81 46.17 130.50 7.80 40.38 110.89 9.69 44.72 110.34 17.34 32.60 90.57 8.07 46.32 130.48 8.08 40.62 110.86 9.96 44.48 110.34 17.04 32.72 90.54 8.24 46.45 130.48 8.38 40.35 110.78 10.28 44.46 110.45 16.85 32.85 90.57 8.47 46.63 130.46 8.66 40.70 111.03 10.83 44.40 110.45 16.45 32.96 90.51 8.71 
Table A5.7 (cont.) Mass flow rate data for R407C in the 0.039-in. capillary tube. 
Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub 46.76 130.46 8.96 40.62 110.78 10.98 44.02 110.39 16.19 33.05 90.61 9.01 46.96 130.46 9.16 40.97 110.64 11.14 43.82 110.45 15.85 33.22 90.54 9.14 47.23 130.50 9.60 41.61 110.92 11.82 43.76 110.39 15.49 33.36 90.51 9.41 47.34 130.50 9.90 41.62 110.83 12.23 43.66 110.45 15.25 33.49 90.54 9.64 47.34 130.43 10.13 41.92 110.72 12.52 43.55 110.42 14.92 33.61 90.48 9.88 47.65 130.41 10.41 42.19 110.75 12.95 43.31 110.36 14.56 33.78 90.48 10.08 47.64 130.39 10.69 42.22 110.59 13.29 43.34 110.47 14.37 33.93 90.44 10.34 47.91 130.39 10.99 42.42 110.50 13.70 43.13 110.45 14.05 34.14 90.48 10.68 48.00 130.41 11.31 42.39 110.31 13.91 43.15 110.47 13.77 34.21 90.41 10.91 48.18 130.39 11.59 42.92 110.39 14.49 42.92 110.53 13.53 34.41 90.48 11.28 48.30 130.39 11.89 43.07 110.39 14.89 42.68 110.50 13.20 34.59 90.44 11.54 48.34 130.39 12.19 43.26 110.36 15.26 42.66 110.47 12.87 34.66 90.44 11.84 48.50 130.41 12.41 43.57 110.34 15.54 42.48 110.39 12.49 34.90 90.44 12.14 48.69 130.41 12.81 43.56 110.34 15.94 42.48 110.47 12.27 35.04 90.48 12.38 ~ 48.72 130.32 12.92 43.73 110.34 16.24 42.32 110.45 12.05 35.10 90.41 12.61 N VI 48.88 130.30 13.20 43.98 110.39 16.59 42.29 110.45 11.75 35.21 90.44 12.84 48.96 130.28 13.48 44.00 110.36 16.86 42.01 110.47 11.47 35.40 90.41 13.01 49.17 130.28 13.78 44.35 110.36 17.16 42.02 110.56 11.26 35.53 90.38 13.28 49.23 130.28 14.08 44.41 110.34 17.44 41.86 110.47 10.87 35.68 90.41 13.51 49.50 130.26 14.36 44.41 110.39 17.79 41.84 110.53 10.63 35.87 90.41 13.81 49.72 130.28 14.68 44.78· 110.42 18.02 41.79 110.53 10.33 35.93 90.38 13.98 49.85 130.23 15.13 44.79 110.36 18.26 41.61 110.50 10.00 36.09 90.41 14.31 50.10 130.26 15.56 45.04 110.42 18.62 41.65 110.59 9.79 36.19 90.41 14.51 50.33 130.23 15.93 44.91 110.34 18.74 41.12 110.47 9.37 36.30 90.41 14.71 50.48 130.23 16.33 45.16 110.34 18.94 39.97 110.53 9.13 36.43 90.41 14.91 50.69 130.23 16.73 45.32 110.31 19.21 39.83 110.47 8.87 36.54 90.41 15.11 50.89 130.23 17.03 45.36 110.31 19.51 39.75 110.50 8.60 36.66 90.41 15.41 51.04 130.21 17.41 45.52 110.28 19.78 39.63 110.50 8.30 36.84 90.41 15.61 51.24 130.21 17.71 45.75 110.25 19.95 39.33 110.47 7.97 36.84 90.44 15.84 51.39 130.21 18.01 45.80 110.28 20.28 39.13 110.50 7.70 37.00 90.41 16.01 51.56 130.21 18.41 45.68 110.14 20.34 39.16 110.50 7.40 37.17 90.44 16.24 51.70 130.19 18.59 45.92 110.17 20.67 38.95 110.47 7.07 37.28 90.44 16.44 51.84 130.19 18.99 46.11 110.25 21.05 38.81 110.47 6.77 37.32 90.41 16.71 51.98 130.19 19.19 46.24 110.09 21.09 38.80 110.50 6.50 37.42 90.44 16.94 52.19 130.17 19.47 46.44 110.20 21.50 38.27 110.45 6.05 37.57 90.41 17.11 
Table A5.7 (cont.) Mass flow rate data for R407C in the 0.039-in. capillary tube. 
Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub 52.33 130.17 19.77 46.38 110.14 21.74 38.22 110.50 5.90 37.72 90.44 17.44 52.39 130.15 20.05 46.55 110.14 22.04 37.92 110.45 5.55 37.76 90.41 17.61 52.60 130.17 20.37 46.73 110.14 22.44 37.97 110.53 5.33 37.94 90.41 17.81 52.69 130.17 20.57 46.86 110.14 22.74 37.92 110.56 5.06 38.02 90.41 18.11 52.91 130.19 20.89 47.01 110.11 23.01 37.83 110.50 4.70 38.18 90.38 18.28 53.02 130.19 21.19 47.10 110.09 23.29 37.68 110.59 4.49 38.27 90.38 18.58 53.09 130.21 21.41 47.06 110.03 23.53 37.45 110.50 4.10 38.39 90.38 18.78 53.28 130.23 21.73 47.36 109.97 23.77 37.26 110.50 3.80 38.53 90.41 19.11 53.46 130.26 22.06 47.56 110.03 24.13 37.24 110.45 3.45 38.66 90.35 19.25 53.53 130.26 22.26 47.65 110.11 24.51 37.12 110.56 3.26 38.62 90.38 19.48 53.73 130.26 22.56 47.83 110.03 24.73 37.10 110.53 2.93 38.86 90.35 19.75 53.91 130.28 22.88 48.11 110.11 25.21 36.94 110.53 2.63 38.97 90.35 19.95 54.02 130.28 23.18 47.90 110.09 25.49 36.65 110.50 2.30 39.07 90.38 20.28 54.18 130.28 23.58 48.17 110.14 25.54 35.83 110.45 2.05 39.21 90.38 20.54 .j:>.. 54.36 130.30 23.80 35.89 110.50 1.80 39.39 90.41 20.83 N 0\ 54.51 130.32 24.12 35.52 110.47 1.47 39.55 90.41 21.08 54.69 130.35 24.45 35.44 110.50 1.30 39.63 90.44 21.37 54.86 130.35 24.75 35.17 110.53 1.03 39.75 90.44 21.63 55.03 130.37 25.07 34.90 110.59 0.79 39.92 90.44 21.89 55.14 130.37 25.37 34.31 110.72 0.62 40.09 90.44 22.13 55.42 130.50 25.70 31.57 110.95 0.65 40.08 90.44 22.36 
30.37 111.25 0.55 40.23 90.48 22.66 
40.29 90.44 22.86 
40.42 90.48 23.14 
40.63 90.41 23.32 
40.72 90.41 23.59 
40.77 90.41 23.81 
40.98 90.41 24.03 
40.97 90.41 24.27 
41.08 90.41 24.46 
41.18 90.41 24.68 
41.17 90.35 24.82 
41.39 90.38 25.07 
Table A5.8 Mass flow rate data for R407C in the 0.042-in. capillary tube. 
Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub 49.78 130.49 0.49 41.63 110.29 0.39 60.31 110.09 25.49 34.73 89.90 0.60 54.75 130.49 0.69 42.35 110.26 0.46 60.09 110.07 25.27 35.92 90.29 0.79 52.08 130.46 0.76 42.69 110.26 0.56 60.03 110.07 24.97 36.31 90.45 0.85 53.62 130.40 0.80 43.77 110.21 0.61 59.67 110.04 24.74 36.27 90.45 0.85 56.04 130.35 0.95 45.18 110.21 0.71 59.81 110.01 24.41 37.02 90.49 0.89 54.98 130.40 1.10 46.08 110.15 0.95 59.50 110.01 24.11 37.86 90.62 1.22 55.33 130.42 1.62 47.44 110.07 1.27 59.36 109.98 23.88 37.79 90.68 1.58 55.31 130.33 1.83 47.83 110.04 1.54 59.19 110.01 23.61 37.91 90.71 1.81 56.06 130.33 2.13 46.96 110.15 2.05 59.01 110.01 23.41 37.83 90.75 2.15 55.64 130.46 2.56 46.73 110.18 2.38 58.93 110.01 23.11 38.02 90.84 2.54 54.61 130.49 2.89 46.47 110.23 2.83 58.73 110.01 22.81 38.10 90.84 2.74 55.03 130.46 3.16 46.45 110.23 3.03 58.65 110.01 22.61 38.37 90.94 3.14 54.81 130.44 3.44 46.33 110.23 3.43 58.51 110.04 22.34 38.39 90.84 3.24 54.94 130.51 3.71 46.65 110.21 3.71 58.27 110.07 22.07 38.71 90.87 3.47 ~ 54.89 130.49 3.99 46.74 110.21 4.01 58.23 110.07 21.77 38.73 90.84 3.74 tv 
-...J 55.33 130.49 4.29 46.90 110.21 4.41 58.08 110.07 21.47 38.95 90.87 3.97 55.28 130.42 4.52 47.12 110.15 4.65 57.87 110.09 21.19 39.11 90.84 4.24 55.73 130.40 4.70 47.39 110.15 4.95 57.75 110.12 20.82 39.35 90.84 4.44 55.50 130.40 5.10 47.53 110.12 5.22 57.67 110.12 20.52 39.62 90.87 4.77 55.85 130.42 5.32 47.85 110.12 5.52 57.46 110.15 20.25 39.80 90.81 5.01 56.08 130.33 5.53 47.83 110.09 5.79 57.30 110.18 19.88 40.02 90.81 5.21 56.14 130.37 5.87 48.23 110.09 6.09 57.18 110.18 19.58 40.16 90.81 5.51 56.64 130.46 6.26 48.40 110.15 6.55 57.04 110.18 19.28 40.39 90.78 5.68 56.59 130.40 6.50 48.57 110.15 6.85 56.87 110.21 18.91 40.58 90.78 5.98 57.04 130.44 6.84 48.95 110.15 7.15 56.67 110.21 18.61 40.73 90.78 6.28 57.30 130.49 7.19 49.13 110.18 7.48 56.53 110.21 18.31 40.92 90.75 6.55 57.34 130.46 7.46 49.34 110.15 7.75 56.44 110.21 17.91 41.13 90.78 6.78 57.54 130.40 7.70 49.49 110.18 8.08 56.27 110.21 17.61 41.28 90.71 7.01 57.87 130.44 8.04 49.77 110.21 8.41 56.11 110.21 17.31 42.23 90.75 7.35 58.08 130.46 8.36 49.90 110.18 8.68 55.92 110.21 17.01 47.61 90.62 7.52 58.14 130.46 8.76 50.22 110.21 8.91 55.82 110.23 16.63 47.62 90.65 7.85 58.45 130.46 9.06 50.28 110.23 9.23 55.65 110.23 16.33 47.69 90.58 8.08 58.57 130.46 9.36 50.56 110.23 9.53 55.40 110.23 16.03 47.84 90.62 8.42 58.88 130.46 9.66 50.66 110.23 9.73 55.39 110.23 15.73 47.92 90.58 8.68 59.11 130.49 9.99 50.78 110.26 10.06 55.28 110.23 15.43 47.94 90.58 8.98 
Table A5.8 (cont.) Mass flow rate data for R407C in the 0.042-in. capillary tube. 
Moot Tsat Tsub Moot Tsat Tsub Moot Tsat Tsub Mdot Tsat Tsub 59.12 130.49 10.29 51.04 110.26 10.36 55.09 110.26 15.06 48.11 90.55 9.25 59.52 130.46 10.56 51.27 110.26 10.66 55.02 110.26 14.76 48.14 90.49 9.49 60.04 130.49 10.99 51.49 110.26 10.96 54.85 110.26 14.46 48.21 90.49 9.69 59.90 130.46 11.26 51.74 110.26 11.26 54.69 110.26 14.16 48.31 90.45 9.95 60.24 130.49 11.59 51.94 110.29 11.59 54.64 110.26 13.86 48.36 90.42 10.12 60.15 130.42 11.82 52.17 110.26 11.86 54.42 110.26 13.56 48.47 90.49 10.49 60.66 130.44 12.14 52.44 110.26 12.16 54.41 110.26 13.26 48.52 90.45 10.75 60.60 130.40 12.40 52.69 110.26 12.46 54.28 110.26 12.96 48.65 90.45 11.05 61.04 130.44 12.74 52.80 110.26 12.76 54.12 110.23 12.63 48.83 90.49 11.29 60.97 130.37 12.97 52.93 110.26 13.06 53.96 110.23 12.33 48.82 90.45 11.55 61.23 130.40 13.40 53.13 110.23 13.33 53.81 110.23 12.03 48.93 90.45 11.85 61.47 130.40 13.70 53.31 110.21 13.51 53.63 110.23 11.73 49.04 90.45 12.15 61.71 130.37 13.97 53.46 110.21 13.81 53.53 110.21 11.41 49.17 90.49 12.49 61.92 130.37 14.27 53.56 110.18 14.08 53.48 110.21 11.11 49.23 90.49 12.69 .j:::. 62.07 130.33 14.53 53.69 110.15 14.25 53.35 110.21 10.81 49.33 90.49 12.99 N 00 62.35 130.35 14.85 53.88 110.15 14.55 53.19 110.21 10.51 49.47 90.52 13.22 62.45 130.33 15.13 53.91 110.12 14.82 53.02 110.21 10.21 49.55 90.52 13.52 62.55 130.35 15.45 54.18 110.09 15.09 52.91 110.18 9.88 49.67 90.55 13.75 62.77 130.35 15.75 54.28 110.09 15.39 52.83 110.18 9.58 49.79 90.58 14.08 63.04 130.31 16.01 54.50 110.09 15.69 52.75 110.18 9.38 49.85 90.58 14.38 63.23 130.35 16.35 54.69 110.12 16.02 52.60 110.18 9.08 50.02 90.62 14.62 63.37 130.35 16.65 54.86 110.12 16.32 52.51 110.18 8.78 50.11 90.65 14.85 63.65 130.31 16.91 55.07 110.12 16.62 52.34 110.18 8.48 50.20 90.65 15.15 63.66 130.33 17.23 55.12 110.12 16.92 52.25 110.21 8.21 50.32 90.68 15.48 64.01 130.35 17.55 55.44 110.12 17.22 52.19 110.21 7.91 50.32 90.62 15.62 64.06 130.35 17.85 55.64 110.12 17.52 52.06 110.23 7.63 50.46 90.68 15.98 64.37 130.31 18.11 55.87 110.15 17.85 51.93 110.23 7.33 50.50 90.68 16.18 64.45 130.31 18.41 56.01 110.15 18.15 52.02 110.26 7.16 50.63 90.68 16.48 64.59 130.26 18.66 56.27 110.18 18.48 52.01 110.26 7.16 50.67 90.68 16.68 64.90 130.26 18.96 56.48 110.15 18.75 52.00 110.26 7.26 50.80 90.68 16.88 64.93 130.26 19.26 56.65 110.18 19.08 51.83 110.29 7.09 51.00 90.68 17.18 65.03 130.24 19.54 56.84 110.18 19.38 51.66 110.29 6.79 50.94 90.65 17.35 65.29 130.22 19.82 57.02 110.18 19.68 51.44 110.29 6.49 51.04 90.65 17.55 65.56 130.26 20.06 57.18 110.21 20.01 50.49 110.29 6.19 51.15 90.68 17.78 65.58 130.22 20.42 57.44 110.21 20.31 50.41 110.29 5.89 51.14 90.62 18.02 
Table A5.8 (cont.) Mass flow rate data for R407C in the 0.042-in. capillary tube. 
Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub 65.82 130.24 20.64 57.64 110.21 20.51 50.23 110.32 5.62 51.26 90.62 18.32 65.99 130.22 20.92 57.73 110.21 20.81 50.20 110.34 5.34 51.41 90.62 18.52 66.14 130.22 21.32 57.92 110.23 21.13 50.08 110.34 5.04 51.41 90.58 18.78 66.38 130.22 21.62 58.12 110.23 21.43 49.94 110.34 4.74 51.57 90.62 19.02 66.69 130.24 21.94 58.30 110.23 21.73 49.70 110.34 4.44 51.61 90.58 19.28 66.79 130.22 22.22 58.44 110.23 22.03 49.26 110.34 4.14 51.65 90.55 19.45 67.06 130.29 22.59 58.63 110.23 22.33 49.19 110.34 3.84 51.78 90.58 19.78 67.20 130.24 22.84 58.83 110.23 22.63 48.93 110.34 3.54 51.80 90.55 19.95 67.44 130.26 23.16 58.96 110.23 22.93 48.93 110.34 3.24 51.94 90.55 20.15 67.49 130.24 23.44 59.17 110.23 23.13 48.76 110.32 2.92 52.04 90.55 20.45 67.79 130.22 23.72 59.36 110.23 23.43 48.68 110.34 2.64 52.19 90.55 20.74 67.96 130.22 24.02 59.42 110.23 23.73 47.76 110.34 2.34 52.16 90.52 20.98 68.16 130.22 24.32 59.70 110.21 24.01 46.49 110.34 2.04 52.22 90.49 21.19 68.28 130.18 24.58 59.76 110.21 24.21 46.36 110.37 1.77 52.44 90.52 21.50 +:>. 68.49 130.24 24.94 59.80 110.18 24.48 46.41 110.37 1.37 52.40 90.49 21.75 t'0 \0 68.63 130.20 25.20 60.05 110.15 24.75 46.16 110.37 1.07 52.54 90.49 22.02 60.15 110.15 24.95 46.07 110.40 0.80 52.65 90.52 22.31 60.25 110.15 25.25 45.25 110.37 0.47 52.75 90.49 22.52 60.38 110.12 25.42 44.57 110.40 0.30 52.84 90.52 22.82 60.35 110.09 25.59 43.12 110.46 0.26 52.91 90.52 23.08 
53.02 90.52 23.33 
53.13 90.52 23.58 
53.22 90.52 23.84 
53.33 90.52 24.11 
53.40 90.52 24.35 
53.53 90.55 24.61 
53.62 90.52 24.79 
53.59 90.52 24.98 
53.70 90.52 25.19 
53.84 90.58 25.49 
Table A5.9 Mass flow rate data for R407C in the 0.049-in. capillary tube. 
Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub 75.66 129.29 0.59 66.07 110.19 0.49 88.63 lO9.69 25.09 53.24 89.79 0.39 75.96 129.25 0.75 66.20 110.22 0.82 88.34 lO9.69 24.79 53.45 89.69 0.59 76.64 129.18 0.88 66.60 llO.05 0.85 88.04 lO9.66 24.46 59.87 89.56 0.76 77.63 129.07 1.07 66.96 109.94 1.04 87.65 109.69 24.19 58.72 89.46 1.06 78.41 129.00 1.30 67.76 llO.00 1.30 87.36 lO9.69 23.79 56.26 89.76 1.66 77.63 129.07 1.67 67.54 llO.00 1.60 87.06 lO9.63 23.43 59.50 89.79 2.09 77.63 129.14 2.04 68.28 110.05 1.85 86.87 lO9.75 23.15 59.35 89.89 2.69 77.82 129.14 2.34 67.54 lO9.97 2.07 86.37 lO9.61 22.71 59.46 89.82 3.12 77.73 129.14 2.64 68.22 110.08 2.38 86.37 lO9.75 22.45 59.90 89.79 3.49 77.73 129.11 2.91 67.94 lO9.97 2.57 85.98 lO9.69 22.09 60.00 89.76 3.96 77.92 129.11 3.21 68.34 110.00 2.90 85.59 109.66 21.76 60.31 89.76 4.36 78.02 129.11 3.41 68.63 llO.02 3.12 85.49 109.69 21.49 60.39 89.69 4.79 78.12 129.09 3.69 68.84 llO.05 3.45 85.lO lO9.69 21.19 60.64 89.66 5.16 78.22 129.07 3.97 69.57 110.11 3.81 84.90 lO9.66 20.76 60.80 89.62 5.52 .j:::... 78.51 129.07 4.27 69.27 1lO.02 4.02 84.70 lO9.75 20.55 60.97 89.66 5.76 u.> 0 78.61 129.05 4.45 69.77 110.00 4.30 84.60 lO9.75 20.25 61.11 89.59 5.99 78.71 129.02 4.72 69.96 llO.02 4.62 84.21 lO9.75 19.95 61.29 89.66 6.36 79.00 129.00 4.90 70.55 110.11 5.01 84.02 109.69 19.59 61.43 89.66 6.56 79.30 128.98 5.18 70.45 lO9.94 5.14 83.82 lO9.75 19.35 61.60 89.69 6.79 79.69 128.98 5.48 70.85 1lO.02 5.42 83.62 lO9.77 18.97 61.74 89.69 6.99 79.99 128.96 5.66 70.85 lO9.97 5.67 83.43 lO9.83 18.73 61.88 89.69 7.29 80.38 128.96 5.96 71.24 lO9.91 5.91 83.l3 lO9.75 18.35 62.05 89.79 7.59 80.67 128.98 6.18 71.93 llO.00 6.30 82.93 lO9.77 18.07 62.13 89.76 7.76 80.97 128.96 6.46 71.44 109.80 6.30 82.64 lO9.72 17.72 62.38 89.76 8.06 81.36 128.98 6.68 72.22 109.94 6.74 82.44 lO9.75 17.45 62.82 89.79 8.59 81.75 128.93 6.93 72.12 lO9.86 6.96 82.25 lO9.77 17.17 63.23 89.85 9.05 82.05 128.96 7.26 72.71 lO9.94 7.34 82.05 lO9.75 16.85 63.52 89.82 9.62 82.34 128.98 7.48 72.42 109.80 7.40 81.36 lO9.72 16.52 63.84 89.79 lO.09 82.64 128.98 7.78 73.11 109.86 7.76 81.26 109.75 16.25 64.15 89.82 10.42 82.93 129.00 8.10 73.21 109.80 7.90 81.07 109.77 15.97 64.26 89.82 lO.62 83.23 128.98 8.38 73.70 109.89 8.29 80.77 109.80 15.60 64.60 89.82 10.82 83.62 129.00 8.70 73.89 109.83 8.53 81.46 lO9.83 15.33 64.81 89.82 11.22 84.02 128.98 8.98 73.89 109.83 8.83 80.67 109.80 15.00 65.05 89.79 11.69 84.31 129.00 9.30 74.38 109.83 9.03 79.89 109.86 14.76 65.36 89.79 12.09 84.60 128.98 9.48 74.58 109.89 9.39 80.28 109.77 14.27 65.63 89.76 12.46 
Table A5.9 (cont.) Mass flow rate data for R407C in the 0.049-in. capillary tube. 
Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub 84.90 128.98 9.78 74.88 109.86 9.66 80.28 109.86 13.96 65.92 89.72 12.72 85.29 128.98 10.08 75.27 109.91 10.01 79.99 109.83 13.53 66.00 89.72 13.02 85.59 128.98 10.28 75.37 109.83 10.23 79.59 109.83 13.13 66.83 89.72 13.32 86.08 128.96 10.56 75.66 109.89 10.59 79.30 109.86 12.76 67.06 89.69 13.59 86.18 128.96 10.86 76.06 109.94 10.94 79.20 109.94 12.54 67.40 89.66 13.96 86.37 128.93 11.03 76.15 109.86 11.16 78.71 109.77 11.97 67.70 89.62 14.22 86.57 128.91 11.21 76.64 109.89 11.49 78.61 109.91 11.81 67.77 89.56 14.56 86.77 128.91 11.51 76.74 109.83 11.83 78.51 109.89 11.49 67.93 89.56 14.76 86.87 128.91 11.71 77.14 109.83 12.13 78.02 109.86 11.16 68.22 89.53 15.03 87.06 128.91 11.91 77.53 109.86 12.46 77.82 109.86 10.86 68.34 89.56 15.36 87.16 128.91 12.21 77.73 109.83 12.83 77.53 110.00 10.70 68.72 89.53 15.63 87.36 128.91 12.41 78.12 109.83 13.13 77.04 109.97 10.37 68.92 89.53 16.03 87.65 128.89 12.59 78.51 109.89 13.49 77.14 110.00 10.10 69.13 89.53 16.33 87.85 128.89 12.79 78.61 109.80 13.70 76.74 110.00 9.80 69.37 89.56 16.66 .j:>.. 88.04 128.89 12.99 78.91 109.75 13.95 76.74 109.97 9.47 69.77 89.53 16.93 w ...... 88.14 128.89 13.19 79.10 109.77 14.27 76.35 110.00 9.20 69.77 89.53 17.23 88.34 128.89 13.49 79.40 109.80 14.60 75.86 110.02 9.02 70.16 89.49 17.49 88.54 128.87 13.67 79.79 109.86 14.96 75.96 110.05 8.75 70.45 89.53 17.83 88.83 128.84 13.94 80.08 109.86 15.26 74.88 110.00 8.40 70.55 89.49 17.99 89.22 128.84 14.24 80.38 109.83 15.63 75.07 110.05 8.15 70.85 89.49 18.29 89.52 128.82 14.42 80.58 109.83 15.93 74.58 110.08 7.88 71.04 89.49 18.59 89.62 128.82 14.62 80.87 109.83 16.23 74.29 110.02 7.52 71.24 89.46 18.76 89.91 128.82 14.92 81.26 109.83 16.53 73.79 110.02 7.22 71.44 89.46 19.06 90.30 128.84 15.24 81.56 109.86 16.76 73.60 110.11 7.01 71.63 89.46 19.26 90.60 128.80 15.50 81.75 109.80 17.00 73.01 110.08 6.58 71.93 89.46 19.50 90.70 128.80 15.70 81.95 109.80 17.30 72.62 110.00 6.20 71.93 89.46 19.76 90.89 128.77 15.97 82.05 109.83 17.63 72.71 110.05 5.95 72.12 89.46 20.04 91.19 128.80 16.30 82.34 109.80 17.80 72.32 109.97 5.47 72.42 89.46 20.29 91.48 128.82 16.52 82.54 109.77 18.07 72.32 109.97 5.17 72.71 89.49 20.59 91.88 128.84 16.84 82.84 109.80 18.30 72.12 110.00 4.90 72.71 89.49 20.85 92.17 128.84 17.04 83.13 109.83 18.63 71.73 110.00 4.60 73.01 89.53 21.19 92.37 128.84 17.34 83.33 109.72 18.82 71.83 110.05 4.35 73.40 89.53 21.48 92.66 128.87 17.67 83.52 109.77 19.07 71.44 109.97 3.97 73.60 89.53 21.77 92.86 128.87 17.87 83.72 109.75 19.35 71.24 110.08 3.78 73.79 89.53 22.06 93.15 128.87 18.17 84.11 109.75 19.65 70.85 109.94 3.34 73.99 89.53 22.32 
Table A5.9 (cont.) Mass flow rate data for R407C in the 0.049-in. capillary tube. 
Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub 
93.35 128.87 18.37 84.21 109.72 19.92 70.55 109.91 2.91 74.19 89.53 22.60 93.55 128.87 18.67 84.51 109.72 20.22 70.36 110.08 2.78 74.58 89.56 22.88 93.94 128.84 18.84 84.90 109.75 20.55 70.16 110.11 2.51 74.88 89.49 23.05 94.14 128.84 19.14 85.29 109.80 20.90 69.86 110.11 2.21 75.17 89.53 23.35 94.33 128.84 19.34 85.29 109.75 21.05 . 69.57 110.02 1.82 75.47 89.56 23.60 94.53 128.82 19.62 85.69 109.75 21.35 69.37 110.08 1.58 75.47 89.53 23.80 94.73 128.80 19.80 85.98 109.80 21.70 69.18 110.16 1.36 75.56 89.53 24.02 95.02 128.80 20.10 86.18 109.75 21.95 68.98 110.19 1.19 75.86 89.53 24.25 95.22 128.77 20.27 86.47 109.83 22.33 68.68 110.19 0.89 76.15 89.56 24.54 95.51 128.80 20.60 86.67 109.66 22.36 68.49 110.16 0.56 76.25 89.53 24.78 95.81 128.82 20.92 86.87 109.80 22.80 68.29 110.16 0.26 76.64 89.53 25.03 96.10 128.80 21.10 87.16 109.69 22.99 
96.40 128.80 21.40 87.55 109.80 23.40 
96.59 128.80 21.60 87.55 109.72 23.72 
.j::. 96.89 128.80 21.90 87.75 109.69 23.99 w tv 97.28 128.80 22.20 88.14 109.75 24.35 
97.48 128.80 22.40 88.44 109.72 24.72 
97.67 128.80 22.70 88.63 109.72 25.02 
97.97 128.80 22.90 88.73 109.69 25.19 
Table A5.1O Mass flow rate data for R410A in the 0.039-in. capillary tube. 
Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub 54.91 131.79 0.29 44.26 112.40 0.20 57.71 112.06 25.26 36.44 92.46 0.56 51.03 131.62 0.42 44.97 112.40 0.40 57.57 112.06 24.96 37.01 92.43 0.63 53.37 132.09 0.99 45.68 112.38 0.58 57.50 112.08 24.78 36.94 92.29 0.69 51.32 131.85 1.05 46.24 112.36 0.96 57.28 112.06 24.46 38.14 92.34 0.94 50.89 132.00 1.00 47.24 112.26 1.16 57.17 112.04 24.24 37.98 92.29 1.09 50.32 131.95 0.35 47.34 112.20 1.40 57.13 112.06 24.06 38.26 92.21 1.21 50.00 131.80 0.10 46.94 112.30 1.80 56.95 112.04 23.84 38.16 92.21 1.51 50.95 131.69 0.19 46.40 112.40 2.20 56.86 112.04 23.54 38.17 92.24 1.74 51.67 131.60 0.40 46.24 112.46 2.56 56.80 112.03 23.33 38.21 92.34 2.14 52.83 131.50 0.90 46.43 112.50 2.90 56.63 112.03 23.13 38.36 92.34 2.34 53.70 131.40 1.20 46.45 112.54 3.24 56.61 112.03 22.93 38.37 92.31 2.51 53.46 131.42 1.62 46.50 112.56 3.46 56.43 112.04 22.64 38.53 92.36 2.76 53.15 131.87 2.47 46.71 112.54 3.74 56.34 112.01 22.41 38.62 92.41 3.11 53.15 132.12 3.12 46.69 112.52 4.02 56.19 112.01 22.11 38.74 92.41 3.31 .j:::>.. 53.01 132.17 3.57 47.01 112.50 4.20 56.06 112.01 21.81 38.91 92.38 3.48 w w 53.52 132.19 3.99 47.00 112.46 4.46 55.90 112.04 21.64 39.03 92.34 3.64 53.57 132.17 4.27 47.10 112.48 4.88 55.87 112.06 21.36 39.04 92.41 4.01 52.70 131.87 4.37 47.29 112.46 5.16 55.69 112.06 21.06 39.16 92.34 4.14 53.37 131.82 4.62 47.55 112.46 5.46 55.58 112.08 20.78 39.40 92.36 4.46 53.86 131.82 4.92 47.77 112.44 5.74 55.48 112.14 20.64 39.50 92.36 4.66 53.92 131.82 5.22 47.98 112.44 6.14 55.39 112.18 20.38 39.56 92.31 4.91 54.11 131.82 5.52 48.11 112.42 6.42 55.19 112.14 20.04 39.87 92.34 5.24 54.35 131.82 5.72 48.26 112.40 6.70 55.11 112.16 19.76 39.91 92.29 5.49 54.51 131.84 6.04 48.45 112.38 7.08 55.01 112.16 19.46 40.09 92.31 5.81 54.72 131.80 6.30 48.68 112.38 7.38 54.86 112.20 19.20 40.31 92.34 6.14 54.93 131.82 6.62 48.79 112.38 7.78 54.69 112.20 18.90 40.60 92.34 6.44 55.01 131.79 6.89 49.09 112.42 8.22 54.35 112.18 18.58 40.67 92.36 6.76 55.18 131.77 7.17 49.30 112.38 8.48 54.38 112.22 18.32 40.55 92.26 6.96 55.38 131.74 7.44 49.37 112.40 8.90 54.03 112.20 18.00 40.93 92.29 7.19 55.55 131.72 7.72 49.53 112.38 9.18 54.05 112.22 17.72 41.05 92.26 7.46 55.77 131.72 8.02 49.87 112.38 9.58 53.86 112.22 17.42 41.20 92.26 7.76 55.76 131.72 8.32 49.98 112.36 9.86 53.76 112.24 17.14 41.46 92.29 7.99 56.10 131.70 8.60 50.01 112.38 10.18 53.64 112.24 16.74 41.42 92.26 8.26 56.17 131.69 8.89 50.31 112.36 10.46 53.49 112.24 16.54 41.63 92.26 8.56 56.36 131.67 9.17 50.39 112.34 10.74 53.40 112.24 16.24 41.74 92.24 8.74 
Table A5.1O (cont.) Mass flow rate data for R410A in the 0.039-in. capillary tube. 
Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub 56.49 131.65 9.45 50.50 112.34 11.04 53.29 112.24 15.94 41.85 92.26 8.96 56.63 131.62 9.72 50.75 112.34 11.34 53.06 112.26 15.66 42.02 92.24 9.24 56.84 131.65 10.05 50.86 112.30 11.70 52.75 112.26 15.36 42.18 92.26 9.46 56.94 131.60 10.30 51.07 112.30 12.00 52.62 112.26 15.06 42.36 92.21 9.71 57.11 131.57 10.57 51.23 112.28 12.28 52.48 112.26 14.76 42.48 92.26 10.06 57.36 131.57 10.87 51.37 112.28 12.68 52.42 112.26 14.46 42.51 92.16 10.16 57.46 131.55 11.15 51.63 112.24 12.94 52.30 112.26 14.16 42.60 92.19 10.49 57.63 131.57 11.47 51.72 112.26 13.26 52.06 112.28 13.88 42.97 92.24 10.84 58.30 132.05 12.25 51.96 112.26 13.56 52.07 112.28 13.68 42.97 92.19 11.09 58.45 132.05 12.55 52.08 112.26 13.86 51.90 112.28 13.38 43.25 92.24 11.34 58.61 132.00 12.80 52.19 112.26 14.16 51.81 112.30 13.10 43.27 92.19 11.59 58.68 131.99 13.09 52.34 112.26 14.46 51.53 112.28 12.78 43.65 92.21 11.91 58.51 131.64 13.04 52.55 112.26 14.76 51.28 112.28 12.48 43.73 92.29 12.29 58.63 131.50 13.20 52.82 112.26 15.06 51.04 112.24 12.24 43.77 92.21 12.41 .j:::.. 58.87 131.55 13.55 52.86 112.26 15.46 51.01 112.24 11.94 44.00 92.21 12.71 w .j:::.. 59.03 131.59 13.89 53.11 112.26 15.76 50.98 112.26 11.66 44.23 92.21 13.01 59.25 131.62 14.22 53.26 112.24 16.14 50.84 112.28 11.38 44.25 92.19 13.19 59.47 131.65 14.55 53.44 112.24 16.44 50.72 112.28 11.08 44.51 92.24 13.54 59.65 131.67 14.87 53.62 112.26 16.76 50.60 112.28 10.78 44.60 92.24 13.74 59.87 131.72 15.22 53.83 112.28 17.18 50.43 112.30 10.60 44.74 92.26 14.06 60.10 131.74 15.54 53.96 112.26 17.46 49.99 112.32 10.32 44.85 92.16 14.26 60.30 131.75 15.85 54.09 112.26 17.76 49.70 112.30 10.00 44.86 92.16 14.56 60.45 131.77 16.17 54.24 112.26 18.06 49.66 112.32 9.82 45.16 92.24 14.94 60.60 131.79 16.49 54.46 112.26 18.36 49.60 112.32 9.52 45.28 92.19 15.19 60.79 131.80 16.80 54.55 112.26 18.56 49.49 112.36 9.26 45.48 92.16 15.46 60.99 131.79 17.09 54.73 112.28 18.88 49.31 112.36 8.96 45.68 92.21 15.81 61.21 131.80 17.40 54.86 112.24 19.14 49.14 112.34 8.64 45.76 92.16 16.06 61.32 131.79 17.69 54.99 112.26 19.46 49.02 112.34 8.34 45.91 92.16 16.36 61.51 131.77 17.97 55.15 112.28 19.68 48.85 112.34 8.14 46.07 92.14 16.64 61.71 131.79 18.29 55.20 112.28 19.98 48.72 112.34 7.84 46.28 92.14 16.94 61.81 131.79 18.59 55.34 112.26 20.16 48.50 112.32 7.52 46.48 92.14 17.24 61.86 131.77 18.87 55.45 112.24 20.44 48.45 112.32 7.22 46.53 92.09 17.49 62.22 131.75 19.25 55.59 112.22 20.62 48.28 112.34 6.94 46.66 92.14 17.84 62.32 131.74 19.44 55.66 112.20 20.90 48.19 112.34 6.64 46.74 92.09 18.09 62.46 131.74 19.74 55.85 112.20 21.10 47.89 112.34 6.34 46.90 92.09 18.39 
Table A5.1O (cont.) Mass flow rate data for R410A in the 0.039-in. capillary tube. 
Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub 62.64 131.72 20.02 55.93 112.20 21.30 47.70 112.34 6.04 46.95 92.14 18.64 62.77 131.70 20.30 55.98 112.22 21.52 47.48 112.34 5.74 47.23 92.04 18.84 62.99 131.69 20.59 56.17 112.20 21.80 47.29 112.32 5.42 47.29 92.07 19.17 63.02 131.69 20.89 56.31 112.18 22.08 47.07 112.34 5.14 47.39 92.04 19.44 63.35 131.65 21.15 56.51 112.18 22.38 46.93 112.34 4.84 47.54 92.04 19.64 63.39 131.65 21.45 56.65 112.18 22.78 46.73 112.38 4.58 47.70 92.02 19.92 63.65 131.62 21.82 56.77 112.20 23.10 46.62 112.38 4.28 47.91 92.02 20.24 63.68 131.60 22.10 57.05 112.16 23.36 46.46 112.40 4.00 47.91 91.99 20.46 63.95 131.59 22.39 57.11 112.14 23.64 46.38 112.42 3.72 48.03 91.97 20.71 64.01 131.57 22.67 57.24 112.14 23.94 46.21 112.40 3.50 48.28 91.97 20.96 64.25 131.54 22.94 57.33 112.10 24.20 46.09 112.38 3.18 48.38 91.99 21.23 64.39 131.55 23.35 57.45 112.10 24.50 46.08 112.40 2.90 48.50 91.99 21.50 64.55 131.55 23.65 57.57 112.08 24.68 45.81 112.38 2.58 48.67 91.97 21.76 64.76 131.54 23.94 57.74 112.06 24.96 45.64 112.38 2.28 48.73 91.92 21.99 .j:>.. 64.87 131.55 24.35 57.84 112.04 25.24 45.34 112.38 1.98 48.79 91.92 22.29 w VI 65.11 131.54 24.64 57.93 112.04 25.44 45.35 112.38 1.68 49.00 91.94 22.63 65.20 131.54 24.94 45.18 112.40 1.50 49.14 91.90 22.94 
45.01 112.40 1.20 49.28 91.92 23.33 
44.81 112.40 0.90 49.58 91.94 23.68 
49.62 91.94 24.04 
49.79 91.87 24.26 
49.95 91.92 24.60 
50.05 91.97 24.92 
50.17 91.99 25.14 
50.31 91.99 25.34 
Table A5.11 Mass flow rate data for R410A in the 0.042-in. capillary tube. 
Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub 62.69 131.88 0.28 53.73 112.05 0.45 70.95 111.98 26.48 43.38 93.13 0.33 63.56 131.68 0.58 53.78 112.13 0.43 70.85 112.00 26.30 42.08 93.13 0.43 65.47 131.46 1.06 54.71 112.15 0.55 70.75 112.02 26.12 43.99 93.15 0.55 65.86 131.41 1.61 55.34 112.17 0.67 70.55 112.00 25.90 47.64 93.10 0.70 64.88 131.68 2.68 56.40 112.13 0.93 70.36 112.02 25.72 47.29 93.05 0.75 64.81 131.83 3.43 57.67 112.05 1.15 70.36 112.02 25.42 49.02 92.98 0.78 65.11 131.88 3.98 57.96 112.03 1.43 70.26 112.02 25.22 45.90 92.88 0.88 65.34 131.85 4.45 57.10 112.17 1.97 70.06 112.03 25.03 47.88 92.86 0.96 65.61 131.85 4.95 56.70 112.31 2.51 69.96 112.03 24.83 47.42 92.81 1.01 65.75 131.81 5.31 56.90 112.37 2.87 69.77 112.03 24.63 48.91 92.74 1.14 65.99 131.76 5.66 56.86 112.43 3.33 69.77 112.05 24.45 49.55 92.71 1.31 66.32 131.76 6.06 57.00 112.43 3.63 69.57 112.03 24.13 49.15 92.74 1.64 66.46 131.75 6.45 57.43 112.45 4.15 69.47 112.05 23.95 48.56 92.81 2.01 66.63 131.71 6.71 57.69 112.41 4.61 69.37 112.07 23.77 48.58 93.03 2.63 +::.. 66.78 131.66 6.96 57.99 112.41 5.11 69.27 112.09 23.49 48.79 93.03 2.93 \J.) 0\ 66.97 131.66 7.36 58.41 112.41 5.61 69.18 112.09 23.29 49.54 92.98 3.18 67.27 131.61 7.61 58.65 112.37 6.07 69.07 112.09 22.99 49.76 93.03 3.53 67.48 131.63 7.93 58.93 112.37 6.47 69.00 112.11 22.81 49.83 92.98 3.78 67.62 131.63 8.33 59.18 112.37 6.97 68.83 112.11 22.51 49.85 93.03 4.13 67.89 131.66 8.66 59.50 112.33 7.43 68.56 112.11 22.31 50.30 93.03 4.43 68.22 131.68 8.98 59.68 112.33 7.83 68.60 112.13 22.03 50.38 93.03 4.73 68.34 131.71 9.31 60.01 112.33 8.23 68.43 112.11 21.71 50.48 92.98 4.98 68.50 131.71 9.61 60.28 112.27 8.57 68.23 112.11 21.51 49.93 92.86 5.16 68.73 131.71 9.91 60.50 112.25 8.95 68.13 112.09 21.19 50.19 92.93 5.53 68.98 131.73 10.23 60.71 112.23 9.33 68.03 112.11 21.01 50.41 92.96 5.86 69.10 131.73 10.53 60.95 112.23 9.73 67.82 112.11 20.71 50.36 92.86 6.06 69.47 131.75 10.85 61.29 112.21 10.11 67.62 112.11 20.41 50.49 92.81 6.31 69.57 131.73 11.13 61.37 112.19 10.39 67.50 112.13 20.23 50.70 92.74 6.54 69.86 131.73 11.43 61.58 112.19 10.79 67.22 112.11 19.91 50.94 92.71 6.91 69.96 131.71 11.71 61.81 112.19 11.09 67.23 112.11 19.61 51.21 92.76 7.26 70.06 131.70 12.00 62.13 112.19 11.39 66.98 112.13 19.43 51.35 92.71 7.51 70.26 131.71 12.31 62.11 112.19 11.69 66.92 112.13 19.13 51.49 92.71 7.81 70.55 131.70 12.60 62.22 112.17 11.97 66.66 112.11 18.81 51.84 92.71 8.11 70.75 131.70 12.90 62.42 112.17 12.27 66.53 112.11 18.51 51.95 92.76 8.46 70.85 131.68 13.18 62.61 112.17 12.57 66.17 112.09 18.19 52.05 92.79 8.79 
Table A5.11 (cont.) Mass flow rate data for R410A in the 0.042-in. capillary tube. 
Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub 71.04 131.66 13.46 62.84 112.17 12.77 66.13 112.11 18.01 52.31 92.71 9.01 71.34 131.70 13.90 62.91 112.17 13.07 65.98 112.09 17.69 52.59 92.71 9.31 71.63 131.68 14.18 63.07 112.15 13.35 65.82 112.11 17.41 52.67 92.79 9.79 71.63 131.65 14.45 63.36 112.15 13.55 65.57 112.11 17.11 52.82 92.74 10.04 71.83 131.53 14.63 63.53 112.13 13.83 65.44 112.09 16.79 53.13 92.76 10.36 71.93 131.46 14.86 63.65 112.13 14.13 65.29 112.09 16.49 53.17 92.81 10.81 72.32 131.65 15.35 63.86 112.15 14.45 64.99 112.09 16.19 53.36 92.76 11.06 72.71 131.81 15.81 64.04 112.13 14.73 64.96 112.11 15.91 53.49 92.74 11.34 72.81 131.75 16.15 64.19 112.11 15.01 64.71 112.09 15.59 53.92 92.81 11.71 
. 73.01 131.68 16.38 64.30 112.09 15.29 64.60 112.11 15.31 53.93 92.81 12.01 73.11 131.63 16.63 64.58 112.07 15.47 64.50 112.13 15.03 54.25 92.84 12.34 73.50 131.66 16.96 64.71 112.09 15.79 64.34 112.11 14.71 54.52 92.79 12.59 73.60 131.70 17.40 64.90 112.07 16.07 64.13 112.13 14.43 54.68 92.84 12.94 73.99 131.80 17.80 65.02 112.07 16.37 63.95 112.15 14.15 54.90 92.88 13.28 ~ 73.99 131.66 17.96 65.19 112.03 16.63 63.78 112.17 13.87 55.18 92.88 13.58 \.).) -....J 74.19 131.61 18.31 65.44 112.05 16.95 63.63 112.15 13.55 55.37 92.86 13.86 74.38 131.56 18.56 65.51 112.03 17.33 63.33 112.19 13.29 55.60 92.84 14.04 74.68 131.55 18.85 65.81 112.03 17.53 63.31 112.21 13.01 56.16 92.84 14.34 74.88 131.55 19.25 65.98 112.02 17.82 63.03 112.21 12.71 56.33 92.88 14.58 75.27 131.80 19.80 66.34 112.02 18.12 62.92 112.23 12.43 56.59 92.84 14.84 75.37 131.65 20.05 66.31 112.02 18.42 62.90 112.23 12.13 56.56 92.84 15.14 75.47 131.60 20.40 66.63 112.02 18.72 62.66 112.27 11.87 56.83 92.81 15.51 75.66 131.56 20.66 66.62 112.00 19.00 62.58 112.27 11.57 57.08 92.86 15.86 76.06 131.56 21.06 66.82 111.98 19.38 62.36 112.31 11.31 56.89 92.74 16.04 76.15 131.58 21.38 67.13 111.98 19.68 62.03 112.29 10.99 57.17 92.79 16.39 76.35 131.68 21.78 67.18 111.96 19.96 61.98 112.29 10.69 57.45 92.81 16.81 76.64 131.63 22.03 67.42 111.96 20.26 61.76 112.29 10.39 57.58 92.79 17.09 76.94 131.60 22.40 67.74 111.96 20.56 61.67 112.29 10.09 57.63 92.74 17.44 76.94 131.58 22.68 67.72 111.94 20.84 61.44 112.29 9.79 57.80 92.71 17.71 77.14 131.58 22.98 67.95 111.92 21.12 61.24 112.25 9.45 58.03 92.76 18.06 77.33 131.56 23.26 68.07 111.94 21.44 61.15 112.25 9.15 58.17 92.71 18.41 77.63 131.55 23.55 68.22 111.92 21.72 61.11 112.25 8.85 58.35 92.69 18.69 77.73 131.55 23.95 68.49 111.96 22.06 60.86 112.23 8.53 58.53 92.67 18.97 77.92 131.51 24.21 68.63 111.96 22.36 60.78 112.21 8.21 58.76 92.71 19.31 78.22 131.58 24.58 68.73 111.94 22.64 60.59 112.19 7.89 58.89 92.69 19.59 
Table A5.11 (cont.) Mass flow rate data for R410A in the 0.042-in. capillary tube. 
Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub 78.91 132.18 25.48 68.94 111.98 22.98 60.39 112.17 7.57 58.93 92.67 19.87 69.18 111.98 23.18 60.07 112.17 7.27 59.15 92.69 20.19 69.37 111.96 23.46 59.98 112.15 6.95 59.34 92.69 20.49 69.47 111.98 23.78 59.77 112.11 6.61 59.38 92.67 20.71 69.67 112.00 24.10 59.58 112.09 6.29 59.69 92.69 20.99 69.86 111.98 24.28 58.69 112.11 6.01 59.71 92.69 21.24 69.96 111.98 24.58 58.02 112.09 5.69 59.87 92.67 21.45 70.06 112.00 24.90 57.93 112.09 5.39 60.00 92.67 21.69 70.26 112.00 25.20 57.75 112.09 5.09 60.27 92.67 21.91 70.36 111.98 25.38 57.53 112.11 4.81 60.38 92.64 22.09 70.55 111.98 25.68 57.37 112.13 4.53 60.54 92.64 22.33 70.75 112.00 26.00 57.14 112.13 4.13 60.71 92~67 22.63 70.85 112.00 26.30 57.11 112.17 3.87 60.77 92.64 22.88 70.95 112.00 26.50 56.96 112.15 3.55 60.92 92.59 23.08 .j:>.. 
56.78 112.17 3.27 61.03 92.59 23.34 w 00 56.65 112.19 2.99 61.19 92.59 23.66 56.53 112.21 2.71 61.24 92.62 23.99 56.48 112.23 2.33 61.37 92.57 24.25 
56.28 112.27 2.07 61.50 92.54 24.51 
56.18 112.27 1.77 61.71 92.57 24.80 55.95 112.29 1.49 62.01 92.62 25.09 55.93 112.33 1.23 62.04 92.59 25.32 55.84 112.37 0.97 62.12 92.67 25.68 55.60 112.37 0.67 62.35 92.62 25.89 
~~ 
Table A5.12 Mass flow rate data for R410A in the 0.049-in. capillary tube. 
Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub 
80.28 111.84 0.34 107.11 111.48 24.98 68.76 92.74 0.54 83.92 111.96 0.46 106.81 111.50 24.80 69.18 92.79 0.69 83.72 111.88 0.78 106.72 111.60 24.50 69.57 92.65 0.75 83.23 112.06 1.56 106.42 111.52 24.12 69.57 92.67 1.07 82.93 112.08 2.18 105.93 111.56 23.76 70.16 92.55 1.25 83.82 112.08 2.78 105.63 111.52 23.32 70.26 92.52 1.52 84.51 112.02 3.22 105.14 111.50 22.90 70.75 92.57 1.87 84.70 111.92 3.62 104.85 111.60 22.70 70.65 92.50 2.10 85.10 111.94 4.14 104.36 111.52 22.22 71.83 92.48 2.48 85.59 111.90 4.50 104.06 111.50 21.90 72.32 92.48 2.78 85.59 111.90 5.00 103.96 111.58 21.58 72.52 92.48 3.18 86.37 111.94 5.44 103.67 111.56 21.26 72.81 92.50 3.50 86.86 112.00 5.90 103.18 111.58 20.88 73.11 92.50 3.90 87.26 112.00 6.20 103.08 111.54 20.54 73.50 92.52 4.22 .j:>.. 87.85 112.00 6.60 102.88 111.56 20.16 73.60 92.48 4.58 V.:l \0 87.85 111.92 6.82 102.49 111.58 19.98 74.09 92.57 4.97 88.63 111.94 7.14 102.10 111.66 19.66 74.38 92.50 5.20 88.63 111.92 7.52 102.10 111.64 19.34 74.68 92.52 5.52 88.73 111.96 7.86 101.70 111.74 19.24 74.97 92.52 5.82 89.22 111.88 8.18 101.41 111.66 18.86 75.47 92.60 6.20 90.01 111.98 8.58 101.21 111.60 18.50 75.66 92.50 6.40 90.11 111.90 8.80 100.62 111.78 18.38 76.06 92.57 6.77 90.40 111.94 9.14 100.43 111.72 18.02 76.25 92.57 7.07 90.89 111.96 9.46 100.23 111.70 17.80 76.35 92.52 7.32 91.09 111.90 9.70 99.74 111.70 17.50 76.94 92.48 7.68 91.38 111.88 9.98 99.54 111.80 17.30 77.14 92.57 8.07 91.68 111.88 10.28 99.25 111.74 16.94 77.53 92.55 8.35 91.97 111.84 10.54 99.25 111.84 16.84 77.92 92.57 8.67 92.07 111.78 10.78 98.95 111.86 16.56 78.02 92.50 8.90 92.47 111.86 11.16 98.76 111.92 16.32 78.32 92.50 9.20 93.06 111.90 11.50 98.56 111.84 16.04 78.61 92.48 9.48 93.45 111.96 11.86 98.07 111.88 15.78 78.81 92.45 9.75 93.65 111.96 12.16 98.07 111.92 15.52 79.20 92.50 10.10 93.84 111.94 12.44 97.87 111.90 15.20 79.30 92.45 10.35 93.94 111.90 12.70 97.58 111.94 14.94 79.49 92.38 10.58 
Table A5.12 (cont.) Mass flow rate data for R410A in the 0.049-in. capillary tube. 
Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub 
94.33 111.80 12.90 97.38 111.90 14.70 79.79 92.38 10.78 94.92 111.76 13.16 96.89 111.82 14.32 80.28 92.40 11.10 94.73 111.62 13.32 96.50 111.82 14.02 80.38 92.33 11.33 95.22 111.74 13.64 96.50 111.82 13.72 80.48 92.33 11.53 95.61 111.76 13.96 96.20 111.84 13.44 80.97 92.33 11.83 95.81 111.74 14.24 95.91 111.84 13.24 80.77 92.28 11.98 96.30 111.78 14.58 95.51 111.88 12.98 81.36 92.30 12.30 96.20 111.72 14.82 95.12 111.92 12.72 81.85 92.40 12.60 96.79 111.74 15.14 94.92 111.92 12.42 81.56 92.16 12.66 97.18 111.74 15.44 94.33 111.88 12.08 81.95 92.18 12.98 97.28 111.76 15.76 94.23 111.94 11.84 82.25 92.16 13.36 97.97 111.86 16.26 94.14 111.92 11.52 82.64 92.18 13.68 97.97 111.76 16.46 93.74 111.94 11.24 83.33 92.23 14.13 98.46 111.80 16.80 93.65 111.96 10.96 83.43 92.18 14.38 
.f.::>. 98.85 111.86 17.16 93.55 112.00 10.80 83.72 92.18 14.68 .f.::>. 0 99.25 111.84 17.44 92.76 111.98 10.48 83.92 92.13 14.93 99.25 111.78 17.68 92.27 111.98 10.18 84.41 92.11 15.31 99.74 111.82 18.12 91.88 112.02 9.92 84.80 92.16 15.76 99.84 111.78 18.38 91.48 112.02 9.62 85.39 92.26 16.36 100.43 111.70 18.60 91.29 112.04 9.34 85.59 92.08 16.58 100.52 111.76 18.96 91.09 112.08 9.08 85.98 92.13 17.03 100.72 111.74 19.34 90.50 112.08 8.78 86.57 92.18 17.48 100.92 111.78 19.68 90.60 112.08 8.48 86.96 92.26 17.86 101.31 111.70 19.80 90.11 112.10 8.20 87.06 92.21 18.21 101.70 111.58 19.88 90.11 112.04 7.84 87.55 92.18 18.48 101.61 111.56 20.16 89.52 112.08 7.58 88.04 92.23 18.93 101.80 111.52 20.32 89.12 112.04 7.24 87.95 92.16 19.16 102.00 111.46 20.46 88.93 112.02 6.92 88.54 92.26 19.56 102.59 111.50 20.70 88.93 112.14 6.74 88.73 92.21 19.91 102.59 111.42 20.92 88.54 112.04 6.34 89.13 92.23 20.13 102.78 111.39 21.09 88.24 112.14 6.14 89.32 92.21 20.45 102.88 111.48 21.38 88.24 112.10 5.80 89.62 92.23 20.76 103.47 111.44 21.54 87.65 112.10 5.40 90.11 92.28 21.13 103.77 111.41 21.81 87.45 112.10 5.20 90.21 92.26 21.48 104.06 111.44 22.04 87.55 112.14 4.94 90.80 92.30 21.92 
Table A5.12 (cont.) Mass flow rate data for R410A in the 0.049-in. capillary tube. 
Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub Mdot Tsat Tsub 
104.65 111.39 22.19 86.96 112.10 4.50 91.09 92.33 22.33 104.65 111.42 22.52 86.67 112.00 4.10 91.39 92.23 22.60 105.14 111.50 22.80 86.37 112.10 3.90 91.68 92.26 23.00 104.95 111.44 22.94 85.49 112.10 3.60 92.07 92.26 23.32 105.54 111.46 23.26 85.29 112.08 3.28 92.37 92.21 23.60 105.83 111.44 23.44 84.80 112.08 2.98 92.66 92.28 23.99 106.03 111.50 23.70 84.51 112.12 2.62 92.86 92.23 24.26 106.13 111.44 23.94 84.31 112.26 2.46 93.06 92.21 24.53 106.52 111.52 24.22 83.92 112.12 1.92 93.25 92.26 24.88 106.42 111.44 24.34 83.23 112.20 1.70 93.65 92.13 25.05 106.81 111.46 24.66 81.36 112.22 1.42 93.74 92.11 25.32 107.11 111.54 24.94 80.97 112.31 1.11 94.14 92.16 25.67 
81.16 112.37 0.87 
.j:::. 80.28 112.30 0.50 
.j:::. 
....... 
